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Abstract 
Tall buildings vibrate at low frequencies in response to wind excitation that can be 
perceptible to building occupants, may cause fear and alarm and can induce motion 
sickness. The majority of previous research has attempted to determine the thresholds of 
perception for motion to minimise perceptible motion and therefore reduce the likelihood 
of occupant complaint. There is insufficient research conducted on actual tall building 
occupants to investigate whether wind-induced building motion significantly affects 
occupant comfort, wellbeing and work performance.  
This thesis investigates the effect of wind-induced building motion on occupant comfort, 
wellbeing, and work performance, particularly with regard to the effects of typically 
neglected low-dose symptoms of motion sickness. Study 1 investigates the occupant 
response to wind-induced building motion in a sample of 1014 office workers in 
Wellington, New Zealand, known for its consistent high-wind climate. A survey 
administered at street level, measured detailed information about reported building 
motion to investigate the role of individual differences, particularly susceptibility to motion 
sickness, occupant comfort, and compensatory (adaptive) behaviours. Respondents 
who were highly susceptible to motion sickness reported avoidance of many 
nauseogenic environments, such as ships and roller coasters, and reported a preference 
to work on the lower floors of tall buildings. Despite their preferences, highly susceptible 
individuals were equally likely to work on high floors as the least susceptible individuals. 
These highly susceptible individuals were subsequently more likely to experience 
symptoms of motion sickness, and were therefore more likely to engage in compensatory 
behaviours in an attempt to manage their discomfort. Building motion caused 42% of 
respondents to report difficulty concentrating, indicating low-dose motion sickness. 
Despite reported discomfort, respondents directed almost all complaint informally to 
co-workers and family. Less than 1% (N = 2) of those who reported building motion 
complained to their "landlord / property manager", and no respondents complained 
directly to the building owner, contradicting the belief that complaint is a valid indicator of 
building performance.  
Study 2 compares the results from Study 1 to an identical survey administered in Sydney, 
Australia. Respondents returned 733 surveys, showing that wind-induced building 
motion was four times more likely to occur in Wellington than Sydney. Wind-induced 
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building motion was on average felt on significantly higher floors and in taller buildings in 
Sydney than in Wellington. As in Wellington, highly susceptible Sydney respondents 
indicated a preference to work on low floors, but were equally likely to work on high floors 
as the least susceptible individuals. Reports of motion sickness were significantly more 
frequent in Wellington than Sydney. No Sydney respondents formally complained about 
building motion.  
Study 3 examines the effects of wind-induced building motion on the comfort, wellbeing, 
and work performance of a sample of 47 office workers on high floors of wind-sensitive 
buildings, compared with a control sample of 53 office workers located near the ground 
floor. Short 5-minute CAPI (Computer Aided Personal Interviewing) surveys repeatedly 
measured comfort, wellbeing, and work performance under no-motion conditions and 
during high winds. Participants completed 2,261 surveys over 8 months. Participant 
reports of building motion were supported by objectively measured wind speeds and 
building accelerations (predicted and actual). Clusters of both low-dose (tiredness and 
distractibility) and high-dose symptoms of motion sickness (nausea and dizziness) were 
2-3 times more likely during building motion than under no-motion conditions. Reported 
motion sickness mediated self-reported work performance; higher levels of motion 
sickness were associated with a greater degradation of work performance. Building 
occupants affected by moderate to high levels of motion sickness reported work 
performance 0.76 to 0.90 standard deviations below their normal performance. Building 
occupants attempted to manage their discomfort with a 28% increase in the use of 
analgesic medication and the most susceptible individuals took 31% longer breaks 
outside of their building.  
Wind excitation can induce low frequency building motion, which can have significant 
adverse effects on occupant comfort, wellbeing, and work performance. Occupants 
almost universally judge building motion as unpleasant, and can experience symptoms 
of motion sickness, which adversely affects occupant comfort and wellbeing. Motion 
sickness degrades work performance, therefore also affecting the efficiency of 
organisations located in tall buildings. Despite these effects, occupants rarely complain, 
therefore complaint is a misleading measure of building performance. Robust and 
comprehensive future serviceability criteria should incorporate, not only the perception of 
motion, but the 'dose' (acceleration and duration) of motion that can potentially 
compromise the comfort and performance of office workers.   
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Chapter 1  
General Introduction 
New high-strength materials, advanced construction techniques and sophisticated 
computer modelling have allowed engineers and building designers to create super-tall 
structures. However, the physical properties inherent to such tall buildings increase their 
sensitivity to wind energy (Kwok, et al., 2009). Wind energy can cause buildings to 
vibrate at low frequencies and low accelerations, mostly below 1 Hz. Wind-induced 
building motion can be perceptible to building occupants (Burton, 2006; Goto, 1983; 
Hansen et al., 1973; Lee, 1983), may cause fear and alarm (Burton, 2006; Hansen et al., 
1973), and can induce symptoms of motion sickness in some occupants (Goto, 1983; 
Hansen et al., 1973). Most research investigating the potential effects of building motion 
on occupants use motion simulators, and few full-scale studies on actual occupants of tall 
buildings attempt to validate those findings. The majority of research has focused on 
determining the minimum accelerations that occupants can perceive, under the 
assumption that minimising the perception of motion will minimise the probability of 
occupant complaint to building owners. There has not been sufficient full-scale research 
to determine whether wind-induced building motion significantly affects occupant 
wellbeing and work performance.  
Full-scale and simulator studies have observed the traditional symptoms of motion 
sickness, primarily nausea (Burton, 2006; Goto, 1983; Hansen, Reed & Vanmarcke, 
1973), however, the engineering literature has rarely considered the occupant response 
to building motion with respect to contemporary theories of motion sickness. Further, the 
majority of research neglects the potential influence of ‘low-dose’ or early onset 
symptoms of motion sickness, such as sopite syndrome (Graybiel & Knepton, 1976). 
Early onset symptoms of motion sickness are characterised by tiredness, low motivation, 
low mood and difficulty concentrating, which often occur in low acceleration motion 
environments that are characteristic of wind-excited tall buildings. These symptoms are 
usually subtle, and occupants and researchers may misattribute these symptoms to 
normal work stress and fatigue (Walton, Lamb & Kwok, 2011). There are currently no 
internationally agreed serviceability criteria to quantify ‘acceptable’ levels of building 
accelerations (Kwok, et al., 2009), nor is there agreement about whether these 
accelerations should be based on perception of motion, occupant comfort, or some other 
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design criteria. 
1.1 Aims and objectives 
This thesis investigates the effects of wind-induced tall building motion on occupants' 
well-being, comfort and work performance. This thesis adopts a multidisciplinary 
approach, incorporating elements of psychology, engineering and physiology. Writing a 
multidisciplinary thesis is challenging, both in terms of integrating material from outside 
one’s own discipline, but also to ensure the thesis is understandable to readers from 
other disciplines. The author’s background is in applied psychology. This thesis attempts 
to present the complex engineering material in non-technical terms to provide an 
introduction to wind engineering for non-engineers. 
1.2 Terms 
For brevity, this thesis uses ‘wind-excited low frequency building vibration’ 
interchangeably with 'wind-excited building motion', and often just 'building motion'. 
Earthquakes, road works, and the movements of occupants inside a building can also 
induce building motion; though each would likely induce different vibration 
characteristics. Unless otherwise stated, ‘building motion’ always refers to wind-induced 
building motion.  
1.3 Wind-excited tall building motion 
The effect of building motion on occupant comfort and work performance is mostly 
unknown. The majority of research on the occupant response to building motion has 
focused on establishing the threshold of perception for building motion. The rationale 
being to minimise perceptible building motion (e.g. Kanda et al., 1994; Nakata, Tamura & 
Otsuki, 1993; Noguchi, et al., 1993; Tamura et al., 2006), under the assumption that 
perceptible motion may lead to complaint. Recent serviceability criteria (AIJ-GEH, 2004; 
ISO 10137: 2007) only specify guidelines for motion with respect to perception, not 
occupant comfort or any other effects, requiring the judgement of the building designer 
and owner.  
Few studies have examined the prevalence of perceptible building motion (Burton, 
2006), likely due to difficultly of obtaining permission from building owners to survey tall 
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building occupants, the alternative being large-scale random samples of office workers, 
which are expensive and time consuming. Some studies have attempted to obtain 
complaint data from building owners (Isyumov & Kilpatrick, 1996), which is problematic 
because of low response rates, and because building owners are unlikely to be 
forthcoming with commercially sensitive information.  
The potential adverse effects of building motion on occupants require consideration for 
several reasons. First, so that future serviceability criteria can utilise a comprehensive 
understanding of the effects of long duration exposure to low frequency, low acceleration 
motion. Second, while the effects of building motion are unlikely to have long-term 
detrimental effects on health, the short-term effects may cause discomfort in some 
occupants and are relevant from a health and safety perspective. Third, the detrimental 
effects on comfort and wellbeing might impair work performance, and therefore have 
associated costs for organisations located on high floors in tall buildings.      
The tallest building in the world is currently the ‘Burj Khalifa’ in Dubai, constructed from 
steel and concrete, and stands at 828 meters high (Council on Tall Buildings and Urban 
Habitat, 2010). The friction from the roughness of the earth's surface affects wind speeds 
less at higher altitudes (Stathopoulous, 2007). Therefore, as increasingly taller buildings 
are created, not only are they more sensitive to wind energy, but they are also exposed to 
higher wind speeds. From around 1996, the number of skyscrapers over 200m began to 
rise steeply, with a peak of 82 new skyscrapers exceeding 200m built in 2011 (Council on 
Tall Buildings & Urban Habitat, 2013), shown in Figure 1.1. The Council on Tall Buildings 
& Urban Habitat (2013) expect the number of new skyscrapers to rise to 110 by 2014. 
Comprehensive and robust design criteria will enable building designers to build 
comfortable buildings that promote occupant wellbeing. An improved understanding of 
the occupant response to building motion may be beneficial for existing tall buildings, and 
provide building owners with more accurate information about the performance of their 
building and potentially allow current occupants to manage their environment with 
respect to motion.      
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Figure 1.1. Buildings 200 meters or taller completed each year from 1960 to 2014 (Council on Tall 
Buildings & Urban Habitat, 2013) 
1.4 Thesis overview 
1.4.1 Introductory chapters 
The following chapter aims to provide the reader with an understanding of the causes 
and effects of wind-induced tall building motion. The chapter discusses how wind energy 
interacts with tall buildings to produce low-frequency building vibration, and reviews the 
engineering literature on the occupant effects of building motion, examining both 
survey-based approaches and simulator studies. The chapter also examines less 
frequently used research methods, including the artificial excitation of buildings and 
discusses the current generation of serviceability criteria for building motion; the 
guidelines designed to set standards for ‘acceptable’ levels of building motion.  
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Frank motion sickness is the most salient response to wind-induced building motion 
(Hansen, Reed and Vanmarke, 1973). Few studies of building motion address the 
current theories motion sickness and less well-known early onset symptoms of motion 
sickness, such as sopite syndrome. Chapter 3 reviews the motion sickness research 
examining the classic symptoms of motion sickness, the less well-known early onset 
symptoms, the known effects of motion sickness on performance, habituation to motion, 
susceptibility to motion sickness, and the vestibular system; the organ thought to be 
implicated in motion sickness. There are no universally accepted theories that explain the 
occurrence of motion sickness.  
Chapter 4 describes how a dose-response model of motion sickness predicts that subtle 
early onset symptoms of motion sickness are most likely to affect building occupants, 
such as tiredness and difficulty concentrating (Graybiel & Knepton, 1976), rather than 
classic symptoms such as nausea. It is argued that that these subtle low-dose symptoms 
often occur for a variety of reasons other than building motion and therefore are likely to 
be misattributed by building occupants to factors other than building motion, such as 
work stress and fatigue. Previous research has not addressed the potential for building 
motion to affect work performance in a sample of actual office workers. Chapter 4 
discusses the challenges of defining and measuring work performance and describes the 
general methodology of the thesis, including the aims of the research, a brief description 
of the three main studies, and their development due to external constraints imposed on 
the research. 
1.5 Research summary 
1.5.1 Research aims 
The general aim of this thesis is to understand how wind-induced tall building motion 
affects occupants and, and how they might compensate for or respond to that motion. 
Three studies investigate the effect of building motion on the work performance, comfort, 
well-being of building occupants.  
6 
 
1.5.2 Study 1 - The occupant response to wind-induced building motion in 
Wellington, New Zealand 
Building motion research rarely examines individual factors beyond age and gender. Few 
studies measure susceptibility to motion sickness (e.g. Burton, 2006; Michaels, 2013). 
No studies have investigated whether highly susceptible individuals avoid working in tall 
buildings, as individuals may choose to avoid jobs situated in tall buildings. It is known 
that building motion can cause high-dose motion sickness in some tall-building 
occupants (e.g. Goto, 1983; Hansen, et al. 1973, Burton, 2006), however, the potential 
effects of early onset symptoms of motion sickness, such as tiredness, low affect (mood) 
and difficulty concentrating are unknown. Some studies of building motion suggest that 
complaint is a valid measure of building performance (e.g. Hansen, Reed & Vanmarcke, 
1973; Isyumov & Kilpatrick, 1996; Michaels et al., 2013). However, data on complaint 
rates are scarce, and no studies have validated complaint rates against reports of 
occupant discomfort.  
Study 1 (Chapter 5) investigates the occupant responses to wind-induced building 
motion of 1014 office workers in Wellington, New Zealand, known for its consistently high 
wind climate. The survey gathered detailed information about reported building motion to 
investigate the role of individual differences, particularly susceptibility to motion sickness, 
with regard to occupant discomfort, and to determine how individuals compensate or 
adapt to motion (e.g. taking more breaks from work). Individuals who were highly 
susceptible to motion sickness reported avoidance of many motion sickness inducing 
environments, such as ships and roller coasters, and reported a preference to avoid 
working on the highest floors of tall buildings. However, susceptibility to motion sickness 
had no significant relationship with the respondents' current work floor. These highly 
susceptible individuals were subsequently more likely to experience symptoms of motion 
sickness, and were therefore more likely to engage in compensatory behaviours in an 
attempt to manage their discomfort. Building motion caused 42% of occupants to report 
difficulty concentrating, a symptom of sopite syndrome. Despite the reported occupant 
discomfort, almost all complaint regarding building motion was informal, and directed to 
friends and family. Occupants almost never formally complain about building motion, 
contradicting the belief that complaint is a valid index of building performance.  
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1.5.3 Study 2 - An international comparison of the effects of wind-induced 
building motion  
Study 2 (Chapter 6) compares the survey results from Wellington with the same survey 
conducted in Sydney, Australia, which has a significantly less windy climate. Wellington 
has a high earthquake risk, therefore building regulations favour earthquake resilient 
designs which are likely to be more susceptible to wind excitation than buildings in other 
cities. Study 2 evaluates the generalisability of the Wellington findings to other cities.  
Data from 733 returned surveys in Sydney, Australia, showed that Sydney respondents 
were four times less likely to report building motion than in Wellington. In Sydney, 
wind-induced building motion was, on average, felt on significantly higher floors and in 
taller buildings than in Wellington. This indicates that the combination of higher wind 
speeds and more wind-susceptible buildings contributes to the higher incidence of 
perceptible building motion in Wellington. As in Wellington, Sydney respondents 
indicated a preference to avoid working on the highest floors of tall buildings, and again 
susceptibility to motion sickness had no significant relationship with the respondents' 
current work floor. Reports of dizziness, annoyance, nausea, headaches and difficulty 
concentrating were all significantly more likely in Wellington than Sydney. In both cities, 
reported levels of complaint were low, with almost all complaint occurring informally to 
family and co-workers. 
1.5.4 Study 3 - A longitudinal study investigating the effects of wind-induced 
building motion on work performance and comfort  
Many investigators indicate the need for full-scale research on actual building occupants 
(e.g. Isyumov, 1998; Denoon et al., 1999), yet few full-scale studies have examined 
occupant comfort, wellbeing or work performance, and none have investigated these 
effects using a longitudinal methodology with a repeated-measures analysis. Study 3 
(Chapter 7) examines the effects of wind-induced building motion on the comfort, 
wellbeing, and work performance in a sample of 47 office workers on high floors of tall 
buildings over 8 months compared with a sample of 53 office workers located near the 
ground floor. Occupant responses were repeatedly measured using short 5-minute CAPI 
(Computer Aided Personal Interviewing) surveys under conditions of no motion and 
during high winds. Participants completed 2,261 surveys. Accelerometers measured 
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building accelerations in some buildings.  
Participant reports of building motion were supported by objectively measured wind 
speeds and building accelerations. Clusters of both low-dose (tiredness and 
distractibility) and high-dose symptoms (nausea and dizziness) were 2-3 times more 
likely to occur during building motion than under no-motion conditions. Impairment of 
self-reported work performance increased with the number of the reported symptoms of 
motion sickness, indicating that motion sickness caused the work performance 
degradation. Building occupants affected by ‘moderate’ to ‘high’ levels of motion 
sickness reported large work performance impairments of 0.76 to 0.90 standard 
deviations below normal performance. Building occupants attempted to manage their 
discomfort with a 28% increase in the use of analgesic medication (painkillers) and those 
most susceptible to motion sickness took 31% longer breaks. Participants almost 
universally judged building motion as unpleasant, but despite this and other effects on 
comfort, a relatively small proportion of occupants judge motion to be objectionable, 
which suggests that most occupants have a reasonably high tolerance for motion. These 
findings have implications for building owners and designers, and for future studies of 
occupant comfort.  
The final chapters discuss the implications of these three studies, examining current 
serviceability criteria with respect to these new findings, and suggesting a new 
generation of serviceability criteria. Revisions to current theories of motion sickness are 
proposed and discussed in terms of the effect of motion sickness on building occupants. 
The concluding chapters discuss the limitations of this research and suggest future 
studies. 
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Chapter 2  
Wind Induced Tall Building Motion  
For almost 130 years, engineers have known that wind excitation can cause 
low-frequency building vibration. In 1884, engineers monitored the accelerations of a 
17-story building in Chicago during a severe storm, providing the first evidence that wind 
energy can cause a structure to vibrate (Isyumov, Masciantonio & Davanport, 1988). Five 
years later, in 1889, Eiffel instrumented his Eiffel Tower, measuring both wind speed at 
the top of the tower and motion of the tower itself. Eiffel found that wind speeds at the top 
of the tower were two to three times that recorded near ground level, showing that winds 
speeds increase with altitude and confirming that structures can vibrate due to 
wind-excitation (Isyumov, Masciantonio & Davanport, 1988). These and other 
observations led to the Structural Division ASCE Subcommittee (No. 1, 1931, cited in 
Hansen, Reed & Vanmarcke, 1973) to recommend that “structural frames be so 
designed as to ensure that deflections will be kept within such limits as to render 
buildings habitable", indicating a concern for potential effects of building motion on 
occupants. The concern was reiterated by Coyle (1931, cited in Isyumov, 1993) around 
the same period, who stated, "In the case of high buildings, the frame must be designed 
to resist wind pressures with sufficient stiffness to keep the vibration caused by the wind 
within limits that inspire the occupants with confidence in the strength of the structure" (p. 
2). While early research on building motion was primarily concerned with determining 
strength requirements, and inspiring occupant confidence in their building's structural 
integrity, consideration of the occupant response to building motion is not a recent 
development. Despite these early concerns, engineers did not conduct dedicated studies 
on occupant comfort until around 1970.  
The purpose of this chapter is to provide the reader with an understanding of the known 
effects of building motion on occupants and to identify other potential effects of building 
motion. The first section of this chapter describes how wind interacts with tall buildings to 
produce low-frequency vibration. The second section addresses the engineering 
literature on the occupant effects of building motion, first examining survey-based 
approaches, then simulator studies. The third section examines less frequently used 
research methods, for example artificially excited buildings. The fourth section describes 
the currently available serviceability criteria for building motion; guidelines that attempt to 
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set standards for ‘acceptable’ levels of building motion. Finally, this chapter provides a 
summary and discussion of areas where research is necessary. 
2.1 Introduction to wind engineering  
2.1.1 Wind 
Four main forces produce wind: pressure, spin, friction and inertia. Solar radiation 
unevenly heats the earth’s atmosphere creating pressure differences. The equator is 
closer to the sun than the poles and is therefore warmer, causing warmer air at the 
equator to rise creating higher pressure, the opposite of which occurs at the cooler poles 
where air pressure is lower. Air moves from the regions of high pressure to low pressure 
causing circulation. The earth rotates at approximately 600 km/hr at the equator, while 
acceleration at the poles is 0 km/hr, creating Coriolis (or spin) forces, which further 
increases air circulation. Inertial forces act on winds, which help to maintain that 
circulation. Finally, friction from the surface of the earth tends to slow wind at low 
altitudes. Together, these forces circulate air in the troposphere, the lower level of the 
atmosphere (Manwell, McGowan & Rogers, 2002). Gravity usually resists the upward 
pressures on air therefore wind tends to be horizontal. Other factors also affect wind 
patterns to a lesser extent, such as seasonal variations, moisture, and the diurnal cycle 
where wind speeds tend to increase during the day as a result increases in heat. 
Geographical features also influence wind patterns. Hills and mountains can cause 
funnel wind, referred to as the Venturi Effect, which increases mean wind speeds. 
Coastal areas tend to be windier because of heat differences between land and sea 
(Manwell et al., 2002). 
Wind is highly variable both temporally and geographically (Burton, et al., 2011). Friction 
caused by land reduces wind speeds; the effect of which reduces as altitude increases. 
At a certain altitude, friction no longer affects wind, known as the ‘gradient height’. The 
'boundary layer' is the area below the gradient height. Different land-based features have 
differing levels of 'roughness', the least rough surfaces being the ocean, deserts and ice, 
and the most rough being cities with a high density of tall buildings. The more rough the 
surface, the higher the gradient height, and the greater the reduction in wind speed 
(Stathopoulous, 2007). Wind speeds are conceptualised as having a mean and a 
fluctuating component. Turbulence is the fluctuating component. Meteorological factors 
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can cause turbulence, but ground roughness is the predominant cause (Stathopoulous, 
2007). The interaction between wind and objects causes turbulence, where wind divides 
into progressively smaller eddies, or air flows that occur in the opposing direction of the 
main current (Manwell, McGowan & Rogers, 2002). Turbulent wind is relatively more 
chaotic, or random, than non-turbulent wind. A gust is a discrete event that occurs with a 
greater pattern of air movement, one burst of energy as opposed to a mean flow 
(Manwell, et al., 2002). Engineers model wind flows, as well as the effects of wind directly 
on buildings with complex formulae, which are mostly beyond the scope of this thesis, 
which focuses on the human response to building motion. However, a conceptual 
understanding of these factors provides a context for the remainder of the chapter.  
2.1.2 Resonance frequencies 
A frequency is the rate at which an object oscillates, usually measured in Hertz (Hz); the 
number of oscillations that occur in one second. For example, a pendulum swinging with 
frequency of 1Hz will swing from its initial position through an arc and return to its original 
position in one second. If the pendulum completed 2 cycles in a second, the frequency 
would be 2 Hz. Resonance frequencies are central to understanding why buildings 
respond to wind energy. Imagine a guitar string fixed to a rigid structure at one end and 
the other fixed to a machine capable of vibrating the string at different frequencies. 
Starting from a very low frequency, and slowly increasing that frequency, the string will 
eventually begin to vibrate. The frequency at which it begins to vibrate is the called the 
‘natural frequency’ or ‘resonant frequency’. Because the waves are occurring at the 
resonant frequency, the waves are ‘in phase’, or line up with each other, and therefore 
sum based on the principle of superposition, increasing the amplitude of vibration. At 
non-resonant frequencies, the waves are ‘out of phase’, and the waves cancel each 
other out and causing little or no effect on the amplitude of the wave (Tipla & Mosca, 
2008). The lowest frequency that produces vibration is the ‘fundamental mode’. With 
regard to tall buildings, the fundamental mode or lowest resonant frequency is the most 
important. The natural frequency a string will vibrate at depends on a number of factors, 
such as the length, thickness, and tension of the string, e.g. increasing the tension on a 
string results in a higher pitch. Similar effects occur with tall buildings, but on a much 
larger scale.   
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Irwin (2010) provides a more intuitive example of resonance frequencies, using a child on 
a playground swing. Once a child has gained some momentum, there is a natural 
frequency of the swing, the time it takes to swing forward and then back. If one pushes 
the child at the peak of the swing, the amplitude of the swing increases, but if one pushed 
too early, or too late, the push would have relatively little effect. Pushing in time with the 
swing results in the most efficient increase in swing height, pushing at the natural 
frequency, or the most “vulnerable” frequency. 
2.1.3 Low frequency building vibration 
Wind-excitation can induce low frequency building vibration between 0.08 and 1 Hz (ISO 
6897: 1984, International Organisation for Standardisation, 1984), a frequency range to 
which humans are sensitive (Guignard & McCauley, 1990). Building can vibrate at 
frequencies above 1 Hz, however humans tend to be less sensitive to these frequencies. 
Wind excitation causes complex patterns of motion: along-wind, causing motion in-line 
with the prevailing winds, crosswind, perpendicular to the prevailing wind, and torsion, or 
twist. Figure 2.1 illustrates these types of motion. Each of the three types of motion, or 
loading, has a static and dynamic component. The static component is the constant load 
or force applied to the structure, mainly due to the mean wind speed. The dynamic 
component varies across time and is caused by variations in the pressure applied to the 
structure, which can be a result of turbulence and / or the separation of wind as it impacts 
the building's surface. Wind excitation at or near the resonant frequency of the building, 
amplifies the effect of these loads, referred to as ‘resonant loads’ or ‘inertial loads’, which 
can cause the mass of the building to accelerate (Technical Council on Wind 
Engineering, 2012).   ‘Non-resonant’ or ‘background loads’ do not induce building 
motion as they are not at or near the resonant frequency of the building. 
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Figure 2.1. Birdseye view of a tall building showing that prevailing winds produces motion in that 
direction, perpendicular to the prevailing wind, and torsion (twist) 
Large wind gusts usually occur with a significantly lower frequency than the natural 
frequency of most buildings, and therefore do not excite the building dynamically, shown 
in Figure 2.2. Smaller more regularly occurring gusts, are more likely to excite buildings, 
as they tend to have concentrated energies around frequencies near the natural 
frequencies of tall buildings. Earthquakes by comparison have a larger overlap in their 
range of natural frequencies; therefore, buildings are more sensitive to earthquakes than 
wind. Earthquakes often have a mean displacement of zero, as they vibrate evenly about 
the mid-point of the structure, like a tuning fork. Under wind loads, a building can have a 
mean displacement where they vibrate about a point off the mid-point off the structure, as 
if it was off-balance in a particular direction.  
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Figure 2.2. Sources of potential building motion across the frequency spectrum (reproduced from 
Kareem and Cermak, 1979)  
‘Turbulence buffeting’ is one of the main causes of dynamic loads, where turbulent or 
chaotic wind pressures cause a structure to vibrate randomly. Buffeting is the main cause 
of wind-excitation in the along-wind direction (Davenport, 1961). The effect of buffeting 
increases with both wind speed and turbulence (Technical Council on Wind Engineering, 
2012). Across-wind loadings are relatively more complex. Buffeting can also cause 
excitation in the crosswind axis of the building. ‘Vortex shedding’ can also cause 
crosswind motion (Technical Council on Wind Engineering, 2012). Tall buildings are 
typically square or rectangular, not streamlined, forcing wind to diverge from the surface 
of the structure, rather than follow the shape of an aerodynamically designed body, like 
an aircraft (Cenek & Wood, 1990). When wind collides with the blunt face of a building, it 
separates, enveloping the building. The bifurcated streams converge on the downwind 
side of the building producing a pattern of rhythmic alternating high and low pressure 
zones. The ‘vortex’ refers to the alternating swirling patterns of wind left in the wake of the 
structure. If the alternation is at or near the resonant frequency of the building, excitation 
may occur, where the vortices push the building toward the low-pressure zone, the 
alternation pushing the building from side to side. Vortex shedding can produce relatively 
larger motion compared to the along-wind direction (e.g. Isyumov, 1995; Burton et al., 
2003). Once shedding begins, it may become ‘locked’ on the natural frequency of the 
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building, and may persist even when the wind speeds varies. However, turbulent 
conditions may disrupt vortex shedding and is therefore is of greater concern in more 
open areas. Vortex shedding may occur even at relatively low wind speeds, and cause 
large building accelerations (Technical Council on Wind Engineering, 2012). Turbulence 
buffeting and vortex shedding can produce torsion.  
Other wind patterns can affect tall buildings. The wake produced by upwind buildings can 
affect those downwind by introducing more turbulence to wind flows. The resultant 
turbulence buffeting tends to be in a narrow frequency range, which depending on the 
relative position of the upstream and downstream buildings, can induce significant 
motion. Upwind structures may also channel wind, increasing the mean wind speeds, 
and increasing the likelihood of buffeting for downwind buildings. ‘Galloping’ or ‘flutter’, is 
possible but unlikely. These effects can occur when wind speeds are sufficiently high that 
a structure cannot damp, or absorb, accelerations fast enough. Consequently, the 
amplitude of oscillations continues to increase to the point that the structure fails. This 
effect has occurred with bridges, for example, the Tacoma Narrows Bridge. There have 
been no reported cases of this occurring in tall buildings (Technical Council on Wind 
Engineering, 2012). 
2.1.4 Building accelerations 
Engineers usually measure building acceleration in milli-g (mG), where 1 mG is equal to 
1/1000th of gravity, or 0.0098 m/s2. Figure 2.3 shows an example of an accelerometer 
trace of building motion undergoing along-wind, crosswind, and torsion accelerations. 
The crosswind motion is relatively larger than the along-wind direction. Because 
buildings only respond to wind at or near their natural frequency, which tends to be below 
1Hz, buildings act like a natural low-pass filter, and do not vibrate at high frequencies. 
Therefore, building vibration is random within the narrow frequency band of 0.1 to 1 Hz. 
The building motion in Figure 2.3 is almost 10 mG peak in the y-axis, and would be 
perceptible to most occupants in the building. 
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Figure 2.3. Example trace of building motion showing the along-wind (x) crosswind (y) and torsion 
responses. Note the higher amplitude of motion in the crosswind direction (reproduced from 
Isyumov, 1995) 
Engineers use two main measures of acceleration (Boggs, 1995); root-mean-square 
(r.m.s.) and peak accelerations. Root-mean-square accelerations (also called standard 
deviation acceleration) measure the average acceleration over a given time period. Peak 
acceleration measures the largest single peak in a given period. Kareem et al. (2002) 
suggests that peak acceleration is preferable to address the perception of motion, 
arguing that perception of motion is the result of the largest or most salient cycles, and 
that r.m.s. is preferable to quantify the overall exposure to motion.  
The reader is unlikely to have experienced building motion or simulated low frequency 
motion, in which case it will be difficult to imagine what 10 mG accelerations might feel 
like. At 15 mG (0.5 Hz) motion feels gentle, but obvious. At 30 mG it becomes difficult to 
walk in a straight line. Robertson (1973) in a discussion transcript, stated that, “I can 
assure you that when you are in a building which is moving at the level of let us say, 10 or 
12 mG, unless there is something wrong with you, you are going to know it and it is not a 
nice feeling. It is a very un-nice feeling.” (p. 190), adding, “We work in that test machine a 
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lot and when you get out of the machine working at 4 or 5 mG, which we think of as 
around the perception level, and walk down the hall you have that same kind of 
getting-on-land feeling, the wobbly sensation of going down”. 
2.1.5 Factors affecting buildings' response to wind 
Three main characteristics govern a tall building's response to wind; mass, stiffness and 
damping. Increasing the mass and stiffness of buildings tends to decrease the dynamic 
response of tall buildings to wind, though increases in stiffness may result in only small 
improvements. When a structure vibrates, it has a natural tendency for successive 
oscillations to reduce in amplitude over time, shown in Figure 2.4. For example, if one 
plucks a guitar string, it naturally stops ringing after a few seconds. 'Damping' refers to 
the natural decay of the oscillations. Higher damping results in lower susceptibility to 
wind-excitation as the structure is more efficient at absorbing wind energy. While 
increasing mass and stiffness improves the dynamic response to wind, lighter and more 
flexible buildings are favoured to improve to the response to earthquakes. However, 
increasing damping always improves the dynamic response for both wind and 
earthquakes (Vickery, Isyumov & Davenport, 1982). New buildings made of high strength 
materials with new construction techniques have allowed engineers and building 
designers to create increasingly taller buildings that are inherently light-weight, slender, 
have low damping, and are therefore more wind-sensitive than older buildings (e.g. 
Isyumov, Masciantonio & Davanport, 1988; Burton et al., 2006; Amin & Ahuja, 2010).  
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Figure 2.4. The effect of damping when a structure is excited at its resonant frequency, where the 
displacement of the structure increases as distance from the ground increases (above). The 
natural damping properties of the building cause the vibration to decrease over time (below) 
(reproduced from Cenek & Wood, 1990) 
While the effects of mass and stiffness on building acceleration can be accurately 
predicted (Bashor & Kareem, 2007), engineers cannot accurately predict damping in the 
design process, as it is complex and not fully understood (Kareem & Gurley, 1996). 
Design solutions can improve the dynamic performance of existing buildings, for 
example, improving the aerodynamic profile of a building by adding fins or rounding the 
building edges can reduce wind actions. Installing a tuned mass/liquid damper, a large 
weight that oscillates in the opposite direction (like a pendulum) to the movement of a 
structure at its resonant frequency, can reduce the amplitude of building motion. Building 
modification can be difficult to implement in tall and super-tall buildings due to the large 
mass of the damper required and the long period necessary to offset the lower 
frequencies of the buildings (Chai & Feng, 1997) and the significant cost of installation 
(Burton et al., 2008). The wind climate of the region plays a significant role in the building 
response, as does the orientation of the building; aligning the building with the prevailing 
wind on the least lively axis can improve a building's wind response (Technical Council 
on Wind Engineering, 2012). General wind patterns are complex and difficult to model, 
but the effects of wind on a structure are more complicated, and are difficult to model with 
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computer simulations. Therefore, wind tunnel tests provide the most accurate information 
(Stathopoulous, 2007).  
2.1.6 Summary 
Variation in solar radiation causes massive scale air circulation, combined with local 
variations in climate and topography, produce global wind patterns. Wind approaching 
the natural frequency of tall buildings can cause simultaneous vibrations in both axes of 
buildings, and often torsion. Design characteristics of mass, stiffness and damping 
moderate the dynamic response to wind. New construction materials and techniques 
allow engineers and designers to build taller buildings that are inherently lighter and more 
flexible, consequently causing them to be more prone to wind-excitation.  
2.2 The effects of building motion on occupants 
Studies examining the effects of building motion on occupants can be categorised into 
three main groups. First, studies that use survey-based methods that examine the 
response of actual building occupants to motion. Second, studies that use experimental 
methodologies to mimic the motion of tall buildings. Third, studies that use other 
methods, such as composite methods and artificially excited buildings. 
2.2.1 Surveys studies of occupant comfort 
Hansen, Reed and Vanmarcke (1973) conducted the first study on the actual occupant 
response to building motion. The authors interviewed 117 workers in the top-third of two 
buildings following windstorms in the United States. Both were commercial buildings, 
approximately 40 stories tall. The investigators instrumented Building A with 
accelerometers and while they did not instrument Building B, accelerations were 
estimated using wind tunnel tests. Interviews were conducted after wind storms with gust 
speeds between 18 to 27 m/s lasting 5-6 hours. Accelerometers measured accelerations 
of 2 mG (r.m.s.) in Building A and wind tunnel tests estimated accelerations of 5 mG 
(r.m.s.) Building B. Occupants most frequently reported creaking sounds as the primary 
cue to building motion (Building A: 92.1%; Building B: 64.1%), followed by feelings of 
self-movement (A: 62.5%; B: 69.9%), movement of fixtures (A: 56.2%; B: 64.1%), looking 
outside of the building and sensing movement (A: 62.5%; B: 11.3%) and comments from 
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co-workers (A: 37.5%; B: 17.0%). Respondents were sensitive to the level of motion as 
70% were able to indicate the time where peak acceleration occurred to within an hour of 
the actual peak.  
The investigators asked respondents how often they would be willing to tolerate high 
levels of building motion. About 60% stated they would object to a daily occurrence, 
which decreased to about 7% for a yearly occurrence. The investigators used these data 
to create a set of acceptability curves at different levels of acceleration, based on the 
frequency of occurrence of storms and on a 2% level of occupant complaint. The authors 
used the opinion of building owners and a structural engineer to derive the ‘acceptable’ 
2% level of complaint. 
Hansen, Reed and Vanmarke (1973) used the survey data in conjunction with return 
periods for the occurrence of storms of similar intensities, to derive acceptability curves 
for motion. Return periods estimate the probability of an event occurring, expressed in 
terms of time. For example, an earthquake of a magnitude 8 on the Richter scale might 
occur, based on geological records, on average once every 400 years. That magnitude 8 
event has a return period of 400 years. Hansen, Reed and Vanmarke (1973) propose a 
tentative criterion of 5 mG for an event with a return period of 6 years, yielding a 2% level 
of complaint. They used the most prudent curve (5 mG, Building B) based on the highest 
level of acceleration during the most severe 20-min period of the storm. The authors 
acknowledge that the criterion is limited to windstorms of similar magnitudes and 
durations. Isyumov (1993) notes that 5 mG (r.m.s.) equates to a peak acceleration of 
approximately 17.5 mG.  
Hansen, Reed and Vanmarke (1973) did not report details about their method of 
participant selection. Therefore, it is difficult to ascertain whether the respondents were 
representative of all workers on the top floors, or whether those most affected by motion 
biased the sample. The authors acknowledge that they did not validate predicted 
complaint; therefore, the investigators could not know whether those who indicated that 
they would complain about motion at a given level would actually do so in future. The 
suggested level of acceptable complaint, 2%, represents the level of complaint that 
owners are prepared to accept. Hansen, Reed and Vanmarke (1973) first proposed 
complaint as a measure of building performance. Later chapters evaluate the 
appropriateness of complaint as a metric for building performance.  
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Goto (1983) surveyed 1379 occupants of 5 buildings (all approximately 55 floors) in 
Tokyo after a typhoon in 1979 with an average wind-speed of 38.4 m/s. Over 95% of 
occupants above the 13th floor in each building reported perceptible building motion. 
Most occupants, independent of their occupied height within the building, detected 
building motion by ‘feeling’ motion, followed by auditory cues. Participants reported visual 
cues less frequently; however, visual cues to motion increased as the floor the individual 
occupied increased. Nearly 60% of occupants performing light labour, clerical work or 
walking reported some difficulty performing these tasks, although most others reported 
the disruption to be negligible. Seventy-two percent of occupants reported experiencing 
physiological or psychological symptoms, including motion sickness, headaches, and 
“uneasiness and strain”, the likelihood each which increased with height in the building. 
Almost a third of occupants took some measures to alleviate their symptoms. However, 
Goto (1983) did not report the nature of these measures. Approximately 10-15 
respondents reported feeling ‘refreshed’ by the motion. No respondents reported taking 
medication. Goto (1983) also asked participants to estimate their future tolerance for 
similar motion: 2% would tolerate similar motion everyday, 1% once a week, 6% twice a 
year, 39% once a year, 8% once a decade, 28% would never tolerate it again.  
Goto (1983) reported accelerations measured on the 60th floor of a tall building during a 
windstorm in 1982, with a maximum wind speed of 32.4 m/s. Building motion almost 
exclusively occurred on the short axis of the building, with a natural frequency of 0.163 
Hz. The average wind speed of the typhoon was 10 m/s, exposing occupants to a 
reasonably consistent acceleration of 10 mG peak. Goto (1983) concluded that most 
occupants could not perceive acceleration below 1 mG. At around 4 mG, half of the 
building occupants will sense motion. At 6 mG, people at work will sense motion, and 
above 10 mG occupants begin to complain about motion sickness. 
In a short paper, Lee (1983) reported that a severe storm occurred during a lecture he 
gave on the 19th floor of the Arts Tower at Sheffield University. Based on wind tunnel 
testing, the estimated peak along-wind acceleration was 3.8 mG and the maximum 
crosswind acceleration was 5.4 mG. Lee (1983) noted that the motion could be felt while 
sitting or standing and added “the effect appeared heightened by leaning against a wall 
with the back, shoulders and head in contact with the wall.” (p. 379). 
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Denoon and colleagues conducted a series of studies in the late 1990s. The first study 
examined thresholds of perception in two airport control towers (Denoon & Kwok, 2011) 
in Sydney and Brisbane. Brisbane Airport Control Tower is 71 m tall with a natural 
frequency of 0.54 Hz. A set of five buttons were mounted on the desks of 5 different air 
traffic controllers. The buttons were labelled “No motion”, “Very small motion (barely 
perceptible)”, “Small motion (clearly perceptible)”, “Moderate motion”, and “Large 
motion”. The investigators asked air traffic controllers to press one of the buttons when 
they experienced building motion. The Sydney Airport Control Tower is 43m tall with a 
natural frequency of 0.95 Hz. In addition, Denoon and Kwok (2011) conducted surveys 
during tea breaks, asking respondents to rate their previous 15 min in the tower on a 
scale from “Motion imperceptible“, “Motion just perceptible“, “Motion clearly perceptible“, 
“Motion annoying/irritating“, to “Motion frightening/inducing nausea“. Denoon and Kwok 
(2011) reasoned that retrospective assessments of motion perception produce more 
reliable measures of perception thresholds than when participants actively attend to 
motion. 1270 surveys were collected from Sydney over 19 months. Participants reported 
visual and auditory cues to movement in both towers, such as swinging lights and 
venetian blinds.  
On average, thresholds of motion perception were between 2.4 and 2.5 mG (peak 
acceleration), the point where 50% of occupants reported motion. Figure 2.5 shows the 
distribution of button presses from Sydney. The investigators observed similar perception 
thresholds in both towers despite the differing natural frequencies of each tower (the 
following section discusses the frequency dependence of perception). As building 
acceleration increased, so did reports of the strength of motion. Participants judged 
motion over 3 mG as large. Participants interviewed in the tearoom reported slightly 
higher perception thresholds, indicating attention to motion decreases the threshold of 
perception.  
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Figure 2.5. Button pushing responses from Sydney Airport Tower showing the cumulative 
proportion of button presses against acceleration expressed in standard deviation and peak 
accelerations (reproduced from Denoon & Kwok, 2011) 
Denoon and Kwok (2011) correlated the rate of participant button pushing with different 
measures of acceleration from the Sydney airport data, obtaining the following 
correlations: peak r = .566, standard deviation r = .556, and r.m.q. r = .56 
(root-mean-quad, a rarely used alternative measure of acceleration). The highest 
correlation was r.m.q., however, the differences were negligible. The authors then argue 
that for random motion (as opposed to sinusoidal motion, discussed in the motion 
simulator section), peak accelerations are the major determinant of motion perception. 
The authors argue that sharp and therefore salient bursts of motion are responsible for 
the perception of motion. When previous motion simulator studies using r.m.s. 
accelerations were converted to peak, these results were said to show good agreement 
and the authors therefore concluded that perception is caused by peak acceleration.  
Fifty-eight percent of respondents reported that building motion was irritating or annoying 
and 40% of that group reported that motion became more acceptable over time. 
However, this does not necessarily indicate that motion no longer affected work 
performance. Thirty-four percent of respondents reported a complaint to a senior staff 
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member, but issued no written complaint. A further 21% indicated they would complain in 
future, though almost all had already complained. Predicted complaint was independent 
of actual complaint, which the authors use as a basis to criticise the approach taken by 
Hansen et al. (1973), who assume that intended complaint reliably predicts future actual 
complaint. Due to the frequency with which occupants change posture during the working 
day, Denoon and Kwok (2011) argue that posture is not practically important. The 
authors noted few instances of fear, which tended to decrease over time. The main cause 
of fear was occupants' concern for their personal safety in the event of structural failure. 
Participants asked the authors, during data collection, about the structural integrity of the 
building, and were reassured that the building was indeed safe. Denoon and Kwok 
(2011) therefore speculated that the process of education may have reduced occupant 
fears. However, the researchers' comments seem unlikely to have caused an attitudinal 
change in all participants. It seems more likely that participants gained confidence in the 
building because the structure never collapsed over the study period, rather than the 
author's reassurance that the structure was safe.  
The buildings used in Denoon's studies were custom-designed, with air traffic controllers 
being almost the only occupants and are therefore not representative of tall office 
buildings. This might provide some reason for the relatively high level of observed 
complaint. The labels used for the perception of motion were reported to represent 
potential serviceability criteria (e.g. “Motion frightening/inducing nausea”), rather than a 
purely perception criteria (e.g. “Strong motion”). This confounds the interpretation of the 
button presses meaning that it is difficult to determine at the higher ends of the scale 
whether so called ‘strong motion’ was actually nausea inducing or not. 
Isyumov and Kilpatrick (1996) collected survey data from 27 building owners and 
designers examining reports of perceived motion, unacceptable motion, and the mode of 
perception. The authors reported the response rate was low, but gave no explicit 
percentage. Building motion was perceived in 14 of the 27 buildings, and in only 3 
buildings accelerations were deemed unacceptable (7, 40 and 43 mG peak). Of the 
buildings where motion was perceived, 9 reported that noise and visual cues drew 
attention to the motion. Peak accelerations were as high as 64 mG in one building, yet in 
this building and others with the highest accelerations, respondents reported no 
complaint. These trends do not constitute evidence that occupants could not perceive 
motion or did not object to the motion; it would seem more likely that building owners did 
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not report formal complaints or were not aware of adverse reactions to building motion 
given that some respondents reported complaint in other buildings even at reasonably 
low accelerations (7 mG). The authors interpreted non-responses as tacit confirmation 
that the building owner knew of no issues with building motion, a dubious assumption 
given that building owners and designers have a stake in maintaining their building’s 
reputation or may not be aware of potential occupant dissatisfaction.  
In a third study, Denoon, Roberts, Letchford and Kwok (2000) examined perceptual 
thresholds of motion and the effect of motion on cognitive performance in the Port 
Operations and Communications Centre (POCC) in Sydney. This study represents the 
only attempt to measure the effects of actual building motion on task performance. The 
POCC is 84m tall with a natural frequency of 0.39Hz. Instead of using workers native to 
the POCC building, nine University of Sydney volunteers took part in cognitive tests 
during no-motion (low-wind) and motion conditions (high-wind). Cognitive tests included 
reaction time (to stimulus presentation, and a choice task), word recognition, spatial 
memory, logical reasoning, memory task, vigilance task. Each participant underwent 
three training sessions, and then a test session. The tests took approximately 15 min, 
followed by a 15 min break. Participants then completed the test / break cycle several 
times until all test were completed.    
The threshold of perception was 2.8 mG. Performance on the cognitive tests was 
independent of building motion. Denoon et al. (1999, 2000a, 2000b) concluded, “Any 
effects of building motion on cognitive performance are fairly small and are outweighed 
by other aspects of an individual’s well-being or state of mind” (p. 6). The authors add that 
there may be a significant relationship between performance and building motion, but 
suggest that it might not be possible to measure in the field. 
Prior to testing students in the POCC building, Denoon et al. (2000) attempted to 
measure cognitive performance in the air traffic control tower workers in Brisbane and 
Sydney. In Brisbane, computers were installed so participants could self-administer the 
tests in their own time. After 18 months, only 15 participants had completed more than 4 
tests. The authors attempted a similar procedure in Sydney, but instead conducting the 
tests during breaks under supervision. The investigators abandoned this approach due 
to low response rates because of additional training conducted at the time, and that 
control tower workers were reluctant to participate on windy days when their work was 
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more stressful than normal. While not quantified, this provides anecdotal support for the 
hypothesis that wind-induced motion can provide additional stress on building 
occupants.      
While Denoon et al. (2000) reported no observable effects when comparing various 
metrics of performance across acceleration, they do not appear to have conducted 
repeated-measures analyses. Such a technique might have revealed small changes in 
performance between wind- and no-wind days due additional power afforded by a 
repeated-measures analysis. Again, the POCC is a custom designed structure and is not 
necessarily representative of tall office buildings.  
Burton (2006) examined Hong Kong residents’ experiences of building motion, collecting 
survey data from 5000 respondents. Only 5.8% of the sample reported that they had felt 
building motion. Of that small percentage, only 2.8% issued a formal complaint to their 
employer or the building owner. From the two-thirds that experienced building motion and 
found it unacceptable; a quarter objected to the motion on grounds of discomfort, the 
remainder objected due to concerns for safety. One-third of the occupants who did not 
object to building motion claimed that the motion was common. Despite Hong Kong’s 
mild wind climate, reports from some respondents that building motion is common 
indicates that some individuals might be very sensitive to motion and are more likely to 
perceive subtle motion.  
There are also numerous examples of anecdotal evidence of perceptible building motion 
in the engineering literature. Field (1968, cited in Hansen et al., 1973) report that in one 
New York building during several storms employees working on the top few floor were 
sometimes excused from work as building motion disrupted occupants ability to write at 
their desks. Melbourne (1998) reported that in one New York building, some occupants 
regularly took motion sickness tablets to alleviate nausea.  
2.2.2 Conclusions 
Full-scale studies of occupant comfort provide the most comprehensive understanding 
on the occupant response to motion. These studies confirm that building motion is 
perceptible, can produce motion sickness, and can cause fear and alarm in some 
occupants. Compared to motion simulator studies, few full-scale studies exist due to the 
reluctance of building owners to provide access to their buildings and the difficulties and 
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restrictions of full-scale research (Denoon et al., 2000).  
Measuring the actual responses of building occupants provides the most valid, or 
representative, data. By studying actual building occupants, investigators are able to 
overcome problems of generalising motion simulator studies to actual buildings, but the 
restricted access to workplaces and the limited ability to impose experimental study 
designs limit these studies. Coupled with the unpredictable occurrence of high wind 
conditions, full-scale studies are challenging. Surveys such as Hansen et al. (1973) and 
Goto (1983) only surveyed occupants once, and therefore were unable to examine 
changes in comfort and work performance across a variety of motion conditions.  
2.3 Motion simulator studies  
Motion simulators provide a controlled environment allowing researchers to manipulate 
variables that they cannot in full-scale data studies, such as the frequency and 
acceleration of motion.  
Khan and Parmelee (1971) state before the 1970's, engineers’ simply judged the 
acceptability of building motion based on their own judgement and comparisons with 
existing buildings, leading to unsatisfactory building performance in some cases. In an 
attempt to determine the levels of building motion that would be acceptable to occupants, 
Khan and Parmelee (1971) measured the threshold of perception for acceleration. Khan 
and Parmelee (1971) put participants on a rotating circular platform in a range of 
positions, exposing them to accelerations of 1 to 20 mG. The investigators manipulated 
posture (sitting, standing and lying) and head orientation. Each acceleration was rated 
from ‘not perceptible’ to ‘disturbing’. The authors found that body position did not 
significantly affect perception thresholds. They did however observe a large amount of 
individual variation in perception thresholds. Overall, the threshold of perception was 
approximately 4 mG (peak). At 20 mG, most participants judged motion as disturbing. In 
a second study, Khan and Parmelee (1971) placed an accelerometer in a 26-floor 
apartment building known to be wind sensitive. A tenant turned on the accelerometer 
when they perceived building movement, at which point the accelerometer measured 2.1 
mG. The accelerometer measured a peak of 4.2 mG during the testing period.  
In 1972, Chen and Robertson conducted what has become one of the most influential 
studies on the effects of building motion. Chen and Robertson (1972) examined a range 
28 
 
of factors that might affect the perception of motion. They manipulated frequency of 
motion, physical orientation, physical movement, posture, expectancy of motion, visual 
cues, and other factors. In the first of two studies, Chen and Robertson (1972) used a 
2.74 x 4.88 x 2.67 m hydraulically powered motion simulator that could move along two 
orthogonal axes. Four factors were examined using the following factorial design, 3 x 
(Frequency: 0.2, 0.1, 0.67 Hz) 2 x (Physical orientation: front-on, side-to-side) 2 x 
(Physical movement: standing, walking) 3 x (Expectancy of motion: no knowledge but 
prompted to report dizziness, asked to report room movement, motion demonstrated 
then asked detect that motion). Chen and Robertson (1972) tested 72 participants, using 
a between-subjects design with two participants in each condition. When participants 
reported simulator motion, the experimenter noted the level of acceleration. Perceptual 
thresholds were lowest at 0.2 Hz, significantly lower than at 0.1 or 0.067 Hz. Participants 
were more sensitive to motion as expectancy increased and during locomotion. In the 
most sensitive combination of conditions, expecting motion while standing exposed to 
motion at 0.2Hz, 50% of participants could detect motion at 2.5 mG. Conversely, in the 
least sensitive condition, 0.067Hz, walking, and not expecting motion, 50% of 
participants would experience motion at 15 mG.  
In a second study, Chen and Robertson (1972) used a different motion simulator, with a 
similarly sized room strung from the ceiling by four wires, set in motion by a push of the 
experimenter. Two factors were manipulated; posture as a between subjects variable 
and expectancy as a within subjects variable. Forty participants were tested, and asked 
to state when they could perceive motion, while performing a distraction task involving 
rating pictures. Fifty percent of standing participants could detect motion slightly below 5 
mG, while sitting participants detected motion at 9 mG. While Chen and Robertson 
(1972) is a frequently cited and influential paper, few authors have critiqued the small 
samples sizes used (N = 2 per condition) which are unlikely to produce statistically 
significant results, and limit the ability to control for variables such as age, gender and 
sensitivity to motion sickness. It seems unlikely participants were truly unaware that they 
were in a motion simulator in the ‘no expectation of motion’ condition.  
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2.3.1 Summary of early motion simulator research up to mid-1990 
Engineers conducted many motion simulator studies through the 1970’s to the 1990’s, 
summarised in Table 2.1. Burton (2006), Council on Tall Building and Urban Habitat 
(1998) and Kwok et al. (2009) provide comprehensive reviews of these studies. In 
summary, almost all studies show that motion perception is frequency dependent, where 
individuals become more sensitive to motion as frequencies increase up to 1Hz. Early 
motion simulator studies mostly used uniaxial (i.e. motion in only one direction) 
sinusoidal motion to simulate building motion. Sinusoidal motion is a smooth repetitive 
motion based on a sine wave. Investigators appear to use sine waves in early studies 
because they are simpler to reproduce than random motion, are easier to quantify in 
terms of acceleration than random motion, and early researchers appear to have 
believed that the type of motion was relatively less important. Over time, motion 
simulators became more sophisticated and capable of simulating bidirectional motion 
and experimenters began to explore the effects of random motion. For example, Kanda 
et al. (1994) found that random and sinusoidal motion are equivalent in terms of 
perception, but the effects of random motion have not been reliably established. There is 
reasonable agreement between studies for mean perception thresholds, however, these 
thresholds differ significantly between individuals.  
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Table 2.1. Summary of early motion simulator studies up to mid-1990 
Reference Method Perception results Other results Comments 
Irwin (1981) - 5 participants were exposed 
to sinusoidal yaw vibration 
- Accelerations of 0.07 to 0.65 
rads/s2  
- All motion was perceptible - Nausea was produced in 3 
participants, and dizziness in 
the one other 
- Two participants experienced 
tiredness and disorientation  
- Very small sample size 
 Irwin and Goto (1984)  - Examined yaw and combined 
yaw and lateral motion while 
sitting. 
- 68 males and 11 females   
- 0.02 Hz to 10 Hz.  
- 50 to 80 minute duration.  
- Needle threading and tracing 
tasks.   
- At each frequency, the 
amplitude was gradually 
increased until motion was 
perceptible, then decreased 
until motion was not longer 
reported. 
- Repeated twice at each 
frequency. 
- Frequencies was presented 
at random to avoid order 
effects.  
 
 
 
 - Frequencies around 1 Hz 
were more disruptive to task 
performance and below 1 Hz 
were more nausea inducing.  
- Most nausea occurred 
between 0.1 to 0.5 Hz. 
- The bias toward females 
would have likely skewed the 
results toward higher levels of 
reported motion sickness.  
Kanda et al. (1988) - Sinusoidal motion  
- 0.3 Hz to 2 Hz 
- 0.2 to 8 mG. 
- Closely matched the ISO 1984 
guidelines.  
- None  
Goto, Iwasa and Tsurumaki 
(1990) 
- Biaxial motion simulator.  
- 0.23 Hz. 
- 1 to 15 mG 
- Examined the effect of 
circular and elliptical motions.  
- Water pouring task (pouring 
from a bottle to a kettle) and 
self-reported hindrance.  
 
- All participants perceived 
motion by 5 mG. 
- At 10 mG, all felt some 
hindrance, and half ‘great deal 
of hindrance’ 
- Difficult to maintain balance 
at 8 mG. 
- Higher levels of acceleration 
resulted in more water being 
spilt.  
- Circular motion was more 
disruptive than elliptical.  
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Reference Method Perception results Other results Comments 
- Participants could ‘feel’ 
motion before they can see it.  
- Reported hindrance occurs at 
low acceleration.   
- Ability to work decreases at 3 
mG.  
- Motion under 3 mG does not 
have a a noticeable effect.  
Kanda et al. (1990) - Frequencies: 0.33 to 2 Hz in 5 
steps. 
- Sinusoidal motion up to 8 mG 
- Motion in ascending and 
descending patterns 
- Push button during motion, 
stop pushing when motion is 
no longer perceptible 
- Sitting, lying and standing 
postures 
- Compared random vs. 
Sinusoidal motion  
- Posture, 
ascending/descending 
direction, age and sex did not 
significantly affect thresholds of 
perception. 
- Medio-lateral (side-to-side) 
motion was slightly more 
perceptible and 
anterior-posterior 
(front-to-back).  
- Observed frequency 
dependence of perception, 
thresholds decreased as 
frequency increased. 
- Mean threshold of perception 
was 2 mG at 0.5 Hz 
- Type of motion did not affect 
perception thresholds  
  
Goto, et al. (1991) (cited in 
Tamura 1996, published in 
Japanese) 
- Sinusoidal motion, from 0.1 to 
0.5 Hz. Uniaxial, circular and 
eliptical.  
- Duration: 2-3 hours. 
- Measured blood pressure 
and pulse.  
- Participants were high school 
girls.  
- Tested 4 at a time, no fixed 
tasks, only requirement was to 
strenuous activities.  
- Given survey and asked to 
indicate if they felt any 
symptoms, e.g. yawning, 
drowsiness, headache, 
nausea.  
 - No relationship between the 
effects of motion and 
susceptibility to motion 
sickness  
- The most motion sickness in 
uniaxial motions 
- Symptoms began to be 
reported at 10 mG. 
- The measures of 
susceptibility to motion 
sickness was not reported 
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Reference Method Perception results Other results Comments 
Shioya et al. (1992) - 0.125 - 0.315 Hz.  
- Motion shape: Uniaxial, 
ellipse, circle 
- Rated motion on a 5-point 
scale from ‘barely perceptible’ 
to ‘strongly perceptible’ using 
buttons 
- 47 participants 
 
- The 50th percentile matched 
the ISO 1984 mean threshold of 
perception 
- More variation in thresholds at 
lower frequencies  
  
- Half of participants could not 
distinguish the motion shape. 
 
Shioya & Kanda (1993) - Compared sinusoidal and 
narrow band random motion 
- 0.125 to 0.315 Hz 
- No sample size reported 
- Push button to indicate 
perceptible motion from 
‘barely’ to ‘distinct’ 
- Mediolateral motion was more 
perceptible and 
anterior-posterior.  
- ‘Distinctly’ perceptible motion 
showed less variation in 
thresholds than ‘barely’ 
perceptible motion. 
- 50th percentile of ‘barely’ 
perceptible sinusoidal motion 
was approximately 6 mG at 0.2 
Hz.  
- 50th percentile of ‘distinctly’ 
perceptible sinusoidal motion 
was approximately 7.5 mG at 0.2 
Hz.  
- Barely perceptible random and 
sinusoidal motion were 
equivalent. 
- On average thresholds for 
‘distinctly’ perceptible motion 
were higher than ‘distinctly’ 
perceptible sinusoidal motion.  
- Close agreement with ISO 
6897 
- None - No effects of motion sickness 
were reported.  
Nakata, Tamura & Otsuki 
(1993) 
- 1 to 6 Hz. 
- Presented in ascending 
accelerations 
- 40 participants 
- Unidirectional motion 
- Press button when motion is 
felt 
- Thresholds of perception 
decreased as frequency 
increased up to 2 Hz, after 
which thresholds rose with 
frequency increases.  
- None - Did not examine frequencies 
below 1 Hz.  
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Reference Method Perception results Other results Comments 
 
- Seat in-line or orthogonal to 
the direction of motion 
- Post-motion survey 
 
Noguchi, et al. (1993) - 20 participants 
- All female “housewives” to 
examine the effects of motion 
in residential buildings  
- Frequencies: 0.1 to 0.2 Hz  
- Sinusoidal motion 
- Motion types: Unidirectional, 
elliptical, circular and 
figure-eight  
- Exposure to each condition 
for 10 minutes, measuring 
stability with a force plate at 3 
points during that period 
- Recorded judged discomfort, 
and uneasiness 
- Motion was slightly perceptible 
at 8 mG and clearly perceptible 
at 12 mG. 
- Balance shifts matched the 
motion of the room, e.g. 
circular motion induced a 
circular pattern of body sway.  
- Mean discomfort, difficulty, 
and uneasiness were highest 
at high accelerations and 
lowest frequencies.  
- Figure-eight motions caused 
the largest disturbance  
 
Kanda et al. (1994) - 0.125 to 6 Hz 
- Uniaxial sinusoidal motion.  
- Eliptical vs circular motion.   
- Also examined body posture 
and random motion. 
- Two participants test at a 
time, one lateral, one fore-aft.  
- Require to press a button 
when they felt motion. 
- Found characteristic pattern of 
frequency dependence on 
thresholds 
- Calculated thresholds of 
perception based on percentiles 
who reported motion from 1% to 
99% 
- Found no significant 
differences in the thresholds of 
perception for random vs 
sinusoidal motion.  
- None - There were gender, but not 
age differences. These were 
not controlled for when 
calculating the the probabilistic 
guidelines. 
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2.3.2 Recent motion simulator studies 
The majority of motion simulation studies prior to the mid-1990s used sinusoidal motion 
to measure thresholds of perception as opposed to random bi-directional motion 
characteristic of actual buildings (Isyumov, 1993). This section discusses relatively 
recent studies that examine the effects of random motion. 
After encountering significant difficulties attempting to measure motion-induced changes 
in cognitive performance in airport control towers workers, Denoon et al. (2000) used the 
same method, instead in a motion simulator. In the first of two studies, Denoon et al. 
(2000) tested 18 participants from the University of Sydney, aged 19 to 63 (M = 29), all 
male with the exception of one female. The authors used a uni-axial motion simulator to 
recreate accelerations with a standard deviation of 8.15 mG in the experimental condition 
and 0.66 mG in the control condition, across 3 test sessions with a 15 min break in 
between. Acceleration data measured in the POCC building provided the trace for the 
simulated motion. The investigators used very low accelerations in favour of a ‘no motion’ 
condition to control for the mechanical sound of the motion simulator. Each test period 
consisted of two exposures to the control condition and one exposure of the experimental 
condition, presented in a counterbalanced order. There were no significant differences 
between motion and no-motion conditions for any measures of cognitive performance.   
The absence of any observed differences led the investigators to suspect that the 
duration of exposure to motion may have been too short to provoke any significant 
effects. In a follow-up study, the investigators exposed participants to 8 hours of 
continuous motion comparing performance to a ‘no motion’ control condition. Thirty 
participants were tested with ages ranging from 19 to 74 and a median age of 30, and 
almost all were male. Participants completed the test battery every 45 minutes, until 11 
tests were completed. Between tests, participants were free to do as they chose, 
provided they stayed in the motion simulator. Simulated motion had a peak of 27 mG with 
a standard deviation of 8.7 mG. The authors used the same acceleration trace in the 
control condition, but lifted the simulator room off the motion simulator's axes to prevent 
actual motion, which provided comparable mechanical sounds in both conditions. Both 
groups displayed performance degradation across the day, which the authors attributed 
to fatigue. However, the investigators found no significant differences between 
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conditions for any measure. The authors suggested the tests were too simplistic, 
indicated by ceiling effects on many of the tests. The investigators tested the motion 
conditions first, and some individuals participated in both conditions. The additional 
practice might have artificially inflated the experimental group’s scores. Unfortunately, 
the study reported no systematic measures of motion sickness, as the long duration 
exposure to motion of that magnitude would likely have induced motion sickness in some 
individuals. No other studies have exposed participants to comparable periods of low 
frequency motion.  
Melissa Burton conducted a comprehensive series of motion simulator studies during her 
PhD from 2004 to 2007, using the Wind/Wave Tunnel Facility at the Hong Kong 
University of Science and Technology, shown in Figure 2.6. Kwok and colleagues 
designed the facility to simulate bidirectional narrow-band random motion, representative 
of real tall building motion. The simulator used a 3 x 3 m room containing six workstations 
for testing participants. The simulator was capable of reproducing a maximum of 6.4 mG 
at 0.1 Hz, and up to 30 mG at frequencies of 0.22 Hz and higher (Burton et al., 2003). 
 
Figure 2.6. The Wind/Wave Tunnel Facility at the Hong Kong University of Science and 
Technology (left), and the interior participant testing area (right) (reproduced from Kwok, et al., 
2009) 
Burton et al. (2004) tested 250 participants at frequencies from 0.125 to 0.50 Hz, at 
accelerations of 1 to 8 mG, using two types of motion (fore and aft, bi-directional). The 
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investigators used a one-hour long trace from a wind tunnel test to simulate the random 
motion characteristic of tall buildings. The same signal was used in movement in both x 
and y axes, with one offset by ten and a half cycles so the peak of a cycle in one direction 
fell in the trough in the orthogonal direction. Burton et al. (2004) measured thresholds of 
perception, cognitive performance, personality, and susceptibility to motion sickness 
using Golding’s questionnaire (1998), finding that participants became more sensitive to 
motion at higher accelerations and at higher frequencies.  
In an exit survey, approximately three-quarters of participants stated that they would 
object to a daily occurrence of motion they felt in the simulator, which decreased to 10% 
for a decade return period. Participants reported higher tolerance for motion in their work 
environment than their home, and reported higher tolerance if assured that the motion 
was not dangerous. Burton et al. (2004) concluded that education can increase tolerance 
for motion. Reported disruption to task performance, and difficulty concentrating 
increased with acceleration, and was the most variable at 0.5 Hz. Participants who 
perceived motion completed the cognitive tests significantly faster than those who did not 
perceive motion. Burton et al. (2004) conclude that motion may have positive effects on 
performance. An alternative interpretation of these results is that those who perceived 
motion, likely the most sensitive to motion, may have completed the tests more quickly as 
an adaptive response to reduce their exposure to motion and leave the simulator early. A 
study of a longer duration, may show that group whose performance improved, may not 
have been able to sustain that effort ‘burn-out’, showing performance degradation in 
longer term.  
Burton et al. (2004) also reported that individuals who had previously experienced real 
wind-induced building were more likely to perceive motion in the simulator, concluding 
the effect was due to preconditioning. A more parsimonious interpretation is that a higher 
sensitivity to motion in these individuals increased the likelihood of perceiving motion in 
both environments. Burton et al. (2004) reported participants were 30% less likely to 
complain about building in the future if they were educated about the safety of their 
building. The investigators concluded that the effects of motion on performance may not 
be a concern for employers, but education is of the “utmost concern” with regard to 
complaint. However, Denoon et al (2000) showed that reported future complaints did not 
predict actual complaint. Education would likely have no effect on other factors such as 
discomfort, annoyance, and motion sickness.  
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In a follow-up study, Burton et al. (2005) tested 500 participants using bi-directional 
narrow-band random motion. The investigators examined frequencies from 0.125 Hz to 
0.500 Hz, with peak accelerations of 1 to 24 mG, using three types of waveform inputs 
(sinusoidal, random and burst), over two durations; 12 and 50 minutes. Cognitive and 
task performance were examined. The most nauseogenic frequencies were 0.250 and 
0.500 Hz, where 40% of participants experienced nausea, 80% of these participants left 
the simulator due to nausea. No participants asked to leave the simulator when exposed 
to sinusoidal waveforms. The authors state that participants subject to sinusoidal motion 
have a “greater control of the vibration characteristics” (p. 7) and are therefore able to 
anticipate motion more easily than during random motion. Higher peak acceleration, for 
short periods, also resulted in a lower incidence of nausea. Participants reported a 
significantly lower incidence of motion sickness in the 12-minute condition than the 
50-minute condition, despite the same levels of acceleration. The authors reported the 
same pattern of results for difficulty concentrating and task performance. Burton et al. 
(2005) suggest that the unpredictability of the random motion, and the duration of 
exposure are the main causes of motion sickness.  
Burton et al. (2006) investigated the effect of low frequency motion on postural control. 
The authors attached accelerometers to each participant's back and head. Accelerations 
varied from 0.15 Hz to 1 Hz. They found the motion of the simulator amplified body sway, 
as shown in Figure 2.7. The head showed larger accelerations as frequency increased, 
the trunk showed the same pattern up to 0.5 Hz, after which the acceleration began to 
decrease. These results clearly show that not only is the perception of motion frequency 
dependent, but also the physical control of the posture. It is not clear whether the 
observed results are due to the biomechanical response to motion (i.e. a lawfully related 
response based on the physical exposure to motion) or whether the postural changes are 
due to a conscious change in the participant's postural control strategy.  
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Figure 2.7. Fore-aft (left) and lateral (right) body acceleration across changes in frequency and 
acceleration (reproduced from Burton et al. 2006)    
In a comprehensive series of studies, Tamura et al. (2006) examined perception 
thresholds over a large range of frequencies, in three ‘sets’, each in a different motion 
simulator. The low set included frequencies from 0.125 to 0.315 Hz using a biaxial motion 
simulator manipulating shape, motion type (random vs. sinusoidal) and acceleration. The 
middle set investigated frequencies from 0.22 to 2 Hz in a uniaxial simulator using 
sinusoidal motion only. The high frequency set included frequencies from 1 to 6 Hz, and 
was performed on the 4th floor of an artificially excited building. Participants always 
experienced motion in ascending amplitudes and were required to press a button when 
they perceived motion. Figure 2.8 shows the thresholds of perception of motion. Half of 
the participants could not determine the shape of motion at low frequencies. Random 
motion showed the same frequency dependence as sinusoidal motion and thresholds of 
perception did not significantly differ. Age and gender effects were reportedly far smaller 
than inter-individual variation.   
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Figure 2.8. Thresholds of motion perception: (a) fore / aft, uniaxial X; (b) side-to-side, uniaxial; (c) 
fore / aft, elliptical X; (d) side-to-side, elliptical; (e) circular (reproduced from Tamura et al. 2006) 
Attempting to investigate the potential interference of motion with fine task performance, 
Burton et al. (2011) asked participants to play a laser-gun controlled video game 
requiring them to shoot targets in a motion simulator under accelerations of 0 to 30 mG 
with frequencies between 0.125 to 0.5 Hz. The investigators found no significant 
differences in accuracy or time-to-completion across acceleration. This study had several 
limitations. Almost all participants were male, and all were ‘gamers’ (people who 
frequently play video games), therefore likely possessed skill at the beginning of the 
study, possibly introducing ceiling effects. That a high proportion of respondents (50%) 
reported difficulty balancing during motion, yet performance was no different from the 
control condition seems implausible. It is likely that accurate measures of performance 
cannot be measured using an off-the-shelf video game. A measure of performance with a 
higher resolution, or higher difficulty, may have been able to measure differences more 
accurately. Further, video games are known to induce motion sickness in some 
individuals (e.g. Merhi et al., 2002), given that participants were self-reported gamers, 
they are likely to have a low-susceptibility to motion sickness, supported by the finding 
that only one of the participants became sick during the study. Motion sickness may have 
had secondary effects on performance in a more representative sample.  
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Michaels et al. (2013) investigated the influence of culture on perception of motion in a 
motion simulator, categorising participants as ‘collectivists’ or ‘individualists’, essentially 
a split of ‘eastern’ vs. ‘western’ culture. Collectivists reported more overall 
motion-induced discomfort. However, given that the data were collected in Hong Kong, 
and that Asian people are on average more susceptible to motion sickness (Klosterhalfen 
et al., 2006; Klosterhalfen et al., 2007; Stern et al., 1993), it seems more likely that the 
difference is attributable to physiological differences rather than culture. Culture may be 
influential in terms of comfort, but to measure the influence of culture, studies should 
control for susceptibility to motion sickness.   
2.3.3 Conclusions 
The majority of simulator-based research has attempted to find the thresholds of 
perception for motion, finding that thresholds are frequency dependent, where 
individuals are more sensitive to motion at frequencies approaching 1 Hz. Figure 2.9 
shows that these simulator studies show reasonable agreement with full-scale data from 
Denoon et al. (2011) and data from artificially excited buildings in Jeary et al. (1988), 
discussed in the following section.   
 
Figure 2.9. Average perception thresholds for sinusoidal and random motion (reproduced from 
Kwok, et al., 2009) 
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Chang (1972) argues the most significant limitation of motion simulator studies is the 
extent to which their findings are indicative of actual tall building occupants. Isyumov 
(1993) states that there are additional cues to motion in tall buildings that are difficult to 
replicate in motion simulators, e.g. audio cues such as creaking, and visual cues such as 
changing sight lines through windows. Few motion simulator studies examine the effects 
of exposure to motion in comparable durations to building occupants. Almost all motion 
simulator studies take less than 90 minutes, and only two studies measure the effects of 
long-duration exposure to motion, being Goto, et al. (1991), who exposed participants to 
motion for 3 hours, and Denoon (2000), for 8 hours. While it can be argued that short 
duration exposure to motion can affect performance and comfort, this usually occurs at 
relatively higher accelerations (i.e. above 5-6 mG), but the effects of long duration 
exposure to motion at or below the threshold of perception are largely unknown. Daily 
work activities may distract occupants from building motion, which is difficult to replicate 
in a motion simulator (Isyumov, 1993), especially given the artificiality of tasks completed 
in typical motion simulator studies.  
Engineers have used many differing experimental methods to examine thresholds of 
perception, leading to discovery of significant inter-individual variability. The reporting of 
experimental methods are often incomplete with a number of studies not reporting 
sample sizes and performance tasks are not often adequately explained, nor other 
methodological information. These factors likely contribute to the variation in observed 
thresholds in the absence of a standardised method. The inter-individual variation may 
represent true variability in perception thresholds or may be due in part to measurement 
error. Given that there is a some agreement between simulator studies, it seems likely 
that the convergence of results represent the true pattern of perceptual thresholds for 
frequency dependence. However, future studies could benefit from other experimental 
methods. Future studies could carefully balance across variables such as age, gender, 
and susceptibility to motion sickness. Established methods for accurately identifying 
perceptual thresholds could also be used, for example Garcıá-Pérez (1998), who 
describes an optimal method for establishing perceptual thresholds, using a staircase 
procedure where participants indicate the perception of a stimulus within a period of the 
stimulus occurring (e.g. 1 second). After correctly identifying the presence of a stimulus 
four successive times, a less intense stimulus (i.e. more difficult to perceive) is 
presented. If a stimulus is not correctly reported only once, then the stimulus is made 
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more intense (i.e. more perceptible). The rationale for this method is that the maximum 
number of trials are scattered close to the threshold of perception, enabling fine 
distinctions between stimuli. In contrast, most previous motion simulator studies use a 
factorial design where all conditions are tested requiring a large number of trials, which 
can introduce problematic confounding influences, such motion sickness as a result of 
exposure to motion. Other motion simulator studies have used between-subjects designs 
that introduce intra-individual variation, thus requiring larger samples. No studies have 
used a staircase procedure. More sophisticated techniques will be unlikely to show a 
different pattern of results, but they may reduce measurement error and intra-individual 
variation. An additional benefit of this method is that motion only consists of a single peak 
acceleration, alleviating the potentially confounding issue of exposure to motion over a 
long period.    
Early motion simulators studies are limited in their generalisability due to their use of 
sinusoidal motion, and uniaxial motion, which is not representative of narrow-band 
motion that occurs in tall buildings. While studies such as Tamura et al. (2006) showed 
that the perception of motion is unaffected by motion type, Burton’s series of studies 
showed that random motion has a relatively larger effect on performance and comfort. 
Relatively few studies have examined the effects of biaxial random motion. Motion 
sickness is arguably more concerning for building owners than perceptible building 
motion, but the majority of simulator studies have focused on perception thresholds with 
measures of motion sickness being secondary.  
2.4 Other research 
The following section describes other research methods that engineers have used to 
examine the effects of building motion on occupants.   
2.4.1 Artificially excited building studies 
Morris et al. (1979) attempted to overcome some limitations of motion simulator research 
by artificially exciting an actual tall building. The authors attempted to identify “gross” 
performance degradation, favouring a range of studies over directed and sensitive tests. 
In the first study, 12 participants experienced 5 mG (peak) sinusoidal accelerations at 1.5 
Hz compared with a control condition using a repeated measures design. The 
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investigators tested participants on the top floor of an 11-story building, with motion 
generators on the floor below, and asked participants to engage in aiming, filing and 
assembly tasks. The investigators found only one significant difference; participants 
completed the aiming task in a significantly shorter time under conditions of motion, 
counter to their hypotheses that motion would introduce mechanical interference. In a 
follow-up study, 24 participants completed a range of tasks including needle threading, 
calculation, proof reading, and pattern recognition, across three levels of acceleration; 0, 
1 and 4 mg at 1.6 Hz. Again, the investigators found no significant differences, despite 
many participants reporting motion sickness at the highest levels of acceleration. The 
authors concluded that the tasks were too simple. The investigators examined thresholds 
of perception by slowly increasing building accelerations and asking participants to report 
when motion was perceptible, finding the threshold of perception between 1 and 2 mG. 
Bouncer et al. (1980) conducted a similar study finding conflicting results, where posture 
affected thresholds of perception in one study but not the other. The authors found that 
distraction did not affect thresholds of perception.   
Jeary (1988) excited a 10-story building with a natural frequency of 1.6 Hz, using a 
sinusoidal waveform with a peak acceleration of 4 mG. Twenty-four participants were 
tested in one condition per day at 3 levels of vibration, counterbalancing the order. The 
investigators identified the threshold of perception at 1.5 to 1.8 mG (at the 50th 
percentile). Motion only significantly degraded performance on the proof reading task. 
The authors suggested that the lack of differences were due to the simplicity of the tasks 
and the short duration of exposure to motion. At the highest level of acceleration, 7 
participants reported motion sickness, while 3 individuals reported that they could not 
even perceive motion.  
Nakata, Tamura & Otsuki (1993) tested participants on the 5th floor of a 7-story building, 
with a vibrating devices on the 6th floor that produced uniaxial motion between 1 and 6 
Hz, presented in ascending amplitude. 40 participants were tested and required to press 
a button when motion was felt, while seated in-line or orthogonal to the direction of 
motion. Thresholds of perception decreased as frequency increased up to 2 Hz, after 
which thresholds rose with frequency increases. The investigator did not examine 
frequencies below 1 Hz.  
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Artificially exciting tall buildings provides a more realistic environment than motion 
simulators, however, they still require an experimental approach utilising participants 
who are not necessarily representative of actual tall building occupants. However, 
artificial excitation techniques can only produce sinusoidal motion, not realistic random 
motion. Further, this approach requires uninhabited tall buildings, which may be difficult 
to access.  
2.4.2 Visual perception of building motion 
Concerned with the potential effects of torsional motion, Shindo and Goto (1999) 
examined the purely visual effects of torsion. The investigators moved a video camera 
horizontally along the inside of a tall building window at different frequencies and 
accelerations, effectively recording the horizontal motion of the building, which viewed 
from a distance, would simulate torsion. The investigators created a series of videos that 
manipulated frequency (0.076 to 0.606 Hz) and angular velocity (0.4 to 3.2 mrad/s2). 
Participants stood in the centre of a room and watched one of the videos for a minute, 
answering a series of questions about the visual perception of motion. The investigators 
repeated the procedure for the 15 conditions. The visual perception of torsion was 
independent of frequency. The threshold of perception was 0.4 mrad/s2, where 50% of 
participants perceived visual motion. The authors suggest that this is lower than the 
comparable level of motion that can be ‘felt’ by vestibular or proprioceptive cues. Burton 
(2006) argues torsional motion is only perceived if one stood at the centre of a building 
looking out toward the window, and that a building occupant anywhere other than the 
centre of the building will only be affected by translational motion; therefore torsion is 
relatively less important than movement in the x and y axes.     
Burton et al. (2008) performed a similar experiment to assess the relative contribution of 
visual cues to perception. The authors asked participants to play a video game as a 
distraction while in a motion simulator and report when they could feel or see motion. The 
investigators simulated visual cues to motion using an LCD TV mounted on the wall, 
showing a near building, a far building, or a view of the horizon. A video camera pointed 
at one of the three photographs representing the outside view provided the image that 
participants viewed on the TV inside the motion simulator. Using an elaborate set of 
motion control arms, the movement of the video camera was synchronised with the 
motion simulator to make the image appear static with respect to the motion simulator. 
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However, inside the motion simulator, to the participants, the motion simulator would 
appear to be moving with respect to the ‘static’ visual image. Forty-four participants 
experienced unidirectional motion between 0.125 Hz and 0.250 Hz at accelerations 
between 4 and 8 mG, and required to push a button during 'felt' motion and another 
'viewed' motion. ‘Felt’ motion coincided with acceleration peaks and 87% of participants 
indicated they ‘viewed’ motion after it was felt as a means of confirmation. Half of those 
who reported they felt motion also reported that they felt distracted from the video game. 
Participants were more likely to be perceive motion at larger accelerations (9% vs. 36%), 
and with the near field building, which provided a more salient reference point. 
Kawana, Tamura and Matsui (2012) investigated the influence of visual cues on the 
perception of motion in both office and residential buildings, with 20 participants in each 
condition. The experimenters placed a small camera between participants' eyes, and 
recorded what they looked at and for how long. The investigators asked participants to 
move their head, not their eyes, to ensure the camera aligned with participants' field of 
view. When participants looked at objects that are cues to motion in office building (e.g. 
blinds, towels, calendars hung on walls), or residential buildings (e.g. curtains, lights, 
pictures mounted on walls), the object and length of gaze was noted. Figure 2.10 shows 
the thresholds of perception compared with 'felt' perception from other simulator studies. 
Below 1 Hz, in both residential and office buildings, thresholds of visually perceived 
motion are lower than 'felt' cues to motion.  
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Figure 2.10. Probability of motion perception at frequencies from 0.1 to 10Hz by visual and 'felt' 
perception (reproduced from Kawana, Tamura & Matsui, 2012) 
2.4.3 Pseudo-full-scale research 
In recognition of the difficulty of gaining access to occupants of tall buildings and 
acquiring the permissions of building owners, Kijewski-Correa and Pirna (2009) propose 
a “pseudo-full-scale” approach. The authors are involved in the Chicago Full-Scale 
Monitoring Program, and hence have a number of buildings fully instrumented, but do not 
appear to have direct access to building occupants. Their approach consists of 
measuring actual building accelerations and then estimating the likely effects of motion 
on the occupants, based on existing full-scale research, and using the motion simulator 
work of Burton et al. (2005). While a novel approach, it provides no new information 
about the occupant response to the accelerations measured, and there is no validation of 
the predictions made about the occupant response. Such an approach might be useful 
for predicting the effects of motion using already established full-scale thresholds of 
perception, performance degradation, and other quantifiable responses.  
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2.5 Occupant serviceability criteria 
Over the last 35 years, engineers have attempted to define the maximum amount of 
building movement that is ‘acceptable’ to occupants. These criteria differ on a number of 
factors such as the return period of events they specify, unit acceleration, the inclusion of 
frequency dependence, and the provision of different criteria for different categories of 
building, i.e. office / residential. None of the following criteria are universally accepted.  
Irwin (1975) first suggested a formalised set of guidelines to regulate building motion. 
The National Building Code of Canada (1977) was the first proposed criteria. Using a 
return period of 10 years, Irwin (1975) proposed that accelerations should not exceed 1% 
of gravity (or 10 mG) for residential buildings and 3% of gravity (30 mG) for office 
buildings.  
Incorporating research from Hansen, Reed and Vanmarke (1973), Khan and Parmelee 
(1971), Chen and Robertson (1972) and others, ISO 6897 (1984) was created to set a 
standard for allowable accelerations between 0.063 to 1.0 Hz, shown in Figure 2.11. ISO 
6897 (1984) considers three classes of human response: (1) the threshold of perception; 
(2) fear and alarm, and (3) interference with activities. The Standard assumes that motion 
detection is the result of proprioceptive and vestibular feedback system, and that 
occupants do not visually perceive building motion. ISO 6897 adopts a 5-year return 
period. Based on these criteria, it is predicted that ‘adverse comments’ or complaint 
should not be made by more than 2% of building occupants at the top of the building after 
the worst 10 minute episode of motion.  
Two frequency dependent curves are given, the first for buildings where delicate work is 
performed, e.g. a hospital, and the second allowing a greater level of motion representing 
the point at which 50% of adults will be able to perceive building motion. The 
acceleration-based thresholds are reported in r.m.s., representing the average amount of 
motion allowable in a given period, not the maximum.  
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Figure 2.11. ISO 6897 showing perceptible motion at various frequencies. Curve 1 represents the 
lower threshold suitable for buildings where ‘precision’ work is conducted, and Curve 2 is the 
average threshold for adults 
Melbourne and Cheung (1988) suggest a variation of ISO 6897 where r.m.s. 
accelerations are converted to peak accelerations to more accurately represent the 
random characteristics of building motion, which translates to an allowable peak of 10 
mG peak once per year (0.1 to 0.3 Hz) at the top of the building. Melbourne and Palmer 
(1992) extend this to include frequency dependence and differing return periods.   
Isyumov (1993) proposed alternative criteria, which most notably does not include 
frequency dependence, the rationale being that in the frequency range of the most 
sensitive individuals, individual differences account for more variance than frequency. 
The investigators specify maximum accelerations of 5-7 mG for residential buildings and 
9-12 mG for offices with a one-year return period. Isyumov (1993) reasons that office 
buildings should have less stringent criteria than residential buildings as they are less 
frequently occupied, the bulk of occupancy being approximately 8 hrs a day 5 days a 
week compared with continuously occupied residential buildings. He did however note 
that the reverse is also reasonable, office buildings might require stricter criteria to 
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ensure work performance is not adversely affected.           
The Architectural Institute of Japan (AIJ) introduced the Guidelines for Evaluation of 
Habitability AIJ-GEH-2004, based on the research of Kanda et al (1994), Tamura (1998) 
and ISO 1897. The AIJ propose frequency dependent guidelines at five levels of 
perception with a one-year return period, show in Figure 2.12. These update the original 
AIJ guidelines published 1991, setting the thresholds of perception slightly higher. These 
criteria address perception only, not taking into account any other potential effects of 
motion on occupants.  
 
Figure 2.12. The Architectural Institute of Japan’s serviceability criteria (2004) showing thresholds 
of perception at different levels of sensitivity, H-10% represents the most sensitive 10% of people 
will perceive motion (note 1 cm/s2 = 1 mG) (reproduced from Nakamura et al., 2004) 
Based on their work from motion simulator studies and a survey of Hong Kong residents, 
Burton et al. (2007) proposed criteria separating the effects of fear / alarm and 
discomfort. Burton et al. (2007) argue that the effects are duration dependent, therefore 
fear and alarm are associated with short duration wind events and discomfort only occur 
during long duration exposure to motion. The authors proposed that short duration 
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events have higher acceleration thresholds than long duration wind events.       
Based on AIJ (2004), ISO introduced a new serviceability criterion in ISO 10137: 2007, 
as shown in Figure 2.13. The criterion includes only one level of perception that 
approximates the H-90 curve from AIJ (2004) for office buildings with a one-year return 
period. The residential building curve equates to 2/3 of the threshold stated for office 
buildings (Tamura, 2003). As with the AIJ criteria, ISO 10137: 2007 only prescribes 
acceptable motion in terms of perception, not comfort.   
 
Figure 2.13. ISO 10137: 2007 where f0 on the horizontal axis is frequency, peak acceleration in 
m/s2 (0.1 m/s2 = 10 mG), (1 = offices, 2 = residential) 
2.5.1 Summary of serviceability criteria 
Figure 2.14 shows a comparison of the aforementioned serviceability criteria, illustrating 
that there is a significant amount of variability in allowable accelerations between the 
various criteria. Kwok et al. (2009) notes that the AIJ (2004) criteria are lower than most 
others because of the focus only on perception, not comfort. The rationale used in most 
serviceability criteria is that ‘acceptability’ is comprised of a baseline of perception plus 
‘tolerance’, therefore the AIJ (2004) guidelines do not include the ‘tolerance’ buffer. The 
range of allowable building motion across the differing criteria is 15 mG at the lowest 
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frequencies, and about 8 mG at 1 Hz. Using Denoon’s (2011) 2.5 mG threshold of 
perception from field studies to use as metric of comparison, the aforementioned range is 
approximately 6 times the threshold of perception at the lowest frequencies, and just over 
3 times the value at 1 Hz. At the lowest frequencies, Burton’s (2007) criteria allow for the 
highest level of motion, though as frequency approaches 1 Hz, Isyumov’s (1993) become 
the least stringent because of the lack of frequency dependence.          
 
Figure 2.14. Comparison of serviceability criteria with a one-year return period (reproduced from 
Kwok et al., 2009)  
Engineers and building designers create tall buildings at increasing rates, and while it 
seems evident that they have not compromised safety, the understanding of the effects 
on occupants have not advanced sufficiently. While new drugs, for example, undergo 
years of extensive testing before deemed safe for general consumption, engineers and 
building designers are not afforded the same luxury. This pragmatism is understandable, 
but seems to have been at the expense of exploratory research, as most studies that 
examine building motion offer a new or a variation to the existing occupant serviceability 
criteria. Ideally, building designers would fully understand the effects of motion on 
occupants before guidelines were proposed. Instead, engineers and building designers 
attempt to regulate or design for building motion based on limited knowledge of the 
potential effects on building occupants. This approach leads to the current situation 
where there are many different criteria, based on different factors and prescribing 
52 
significantly different levels of acceptable motion.   
Few serviceability criteria adequately define the aim of their criteria. Coyle (1931) states 
that, “we must meet the requirement that the vibrations must not be unpleasant”. Chang 
(1972) suggests that the level of motion should be ‘acceptable’ to the owner and 
occupant and not ‘embarrassing’ for the engineer. Serviceability should agree on a 
definition of ‘acceptability’ before selecting a criterion to evaluate its success. A better 
research model would be the traditional experimental study in a motion simulator 
followed by a validation study conducted in a tall building. Denoon and Kwok (2011) state 
that “none of the current guidelines are based on long-term, repeated measure, 
systematic investigations of the factors underlying motion perception and tolerance in 
occupied flexible structures. They do not, therefore, necessarily address the causes of 
complaints about wind-induced motion.” (p. 538). 
It is evident that over time serviceability criteria have drifted towards assessing only 
perception at the expense of comfort. In 1973, Robertson made the following 
observation: “A simple geometric mean of threshold level of perception to horizontal 
motion is satisfactory for the purposes of illustration but may not be adequate for the 
establishment of a comprehensive design standard. Both sub-threshold and 
post-threshold (tolerance) levels should be examined so as to better understand the 
entire psychophysiological process” (p. 178). Robertson’s (1973) observation, almost 40 
years later, is still relevant. A comprehensive design standard needs to address more 
than just thresholds of perception, and explore a greater range of potential effects on 
occupants.  
2.6 Conclusions 
Building occupants can perceive wind-induced building motion, which may induce motion 
sickness and cause fear and alarm in some occupants. Research has focused largely on 
the perception of motion. The relationship between the perception of motion, comfort, 
formal complaint and task performance is complex and mostly unknown. Overall, studies 
have not found obvious or easily detectable motion-induced degradation in cognitive or 
work performance in motion simulators, but the extent to which this generalises to actual 
building environments is unknown. While engineers have explored motion sickness to 
some extent in the research described in this chapter, there has not been a broader 
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examination of the motion sickness literature, which might inform the occupant response 
to building motion. The following chapter examines research on motion sickness, 
particularly on theories that attempt to explain its incidence.  
A comprehensive understanding of the full range of effects of motion on occupant 
comfort, health, and work performance is required, both above and below the threshold 
of perception. The difficulties of conducting full-scale measurement and monitoring limit 
researchers' ability to study and understand the effect of building motion on occupants. 
An improved understanding of the occupant response to motion will likely enable 
researchers to create serviceability criteria that improve occupant comfort over the 
existing guidelines.  
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Chapter 3  
Motion Sickness 
Motion sickness is an almost universally experienced unpleasant reaction to real or 
implied motion, characterised by nausea (Reason and Brand, 1975; Money, 1970; 
Benson, 1984). Greek mythology contains the earliest written reference to motion 
sickness, acknowledging that travel by sea made many passengers ‘sick’ (Money, 1970). 
Irwin (1881) introduced the term "motion sickness" in the late 19th century. Reason and 
Brand (1975, p. 28) state that motion sickness "is truly a functional disorder of the intact, 
healthy individual, and occurs in the absence of any pathogenic agency or structural 
damage to the body". With the exception of about 5% of individuals, either highly or not at 
all susceptible, all people are capable of experiencing motion sickness (Reason & Brand, 
1975). Motion sickness can be extremely unpleasant. Mebane (1995) states that, "my 
experience with seasickness is that at first you are afraid you will die, then after a few 
hours you are afraid you will not". While motion sickness is usually characterised by 
salient symptoms of nausea and vomiting, subtle symptoms such as tiredness, loss of 
concentration and motivation often precede the more overt symptoms (Graybiel & 
Knepton, 1976).   
Motion sickness is usually associated with vehicular travel, such as ships and cars, but it 
can also occur in a wide variety of other conditions including space or zero-gravity 
(Lackner, 1984), video games (e.g. Merhi et al., 2002), wind-excited tall buildings (Goto, 
1983, Hansen et al., 1973), scuba diving (Mebane, 1995), skiing (Hausler, 1995), by 
spinning on the spot (Riccio &Stoffregen, 1991), tilting trains (Cohen et al., 2011) and 
sometimes even in the absence of any external stimulation at all (Bonnet et al., 2008; 
Smart, Pagulayan & Stoffregen, 1998). Motion sickness most frequently occurs in 
environments characterised by their unfamiliarity (Reason & Brand, 1975). There are no 
universally supported theories that explain why motion sickness occurs (e.g. Lackner & 
DiZio, 2007, Golding, 2005, Bowins, 2010). 
Tall building motion is known to cause motion sickness in some occupants (e.g. Hansen, 
Reed & Vanmarke, 1973). However, engineering studies rarely reference the existing 
motion sickness literature. Without an understanding of the physical parameters that 
cause motion sickness, and without a theoretical context, it is difficult to influence building 
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design to reduce the incidence of motion sickness. This chapter examines the classic 
and less studied early-onset symptoms of motion sickness, the organs thought to 
produce those symptoms, as well as describing environments known to produce motion 
sickness. There are several competing theories of motion sickness, which fundamentally 
differ in their approach to both motion sickness, and to perception in general. This 
chapter focuses only on motion sickness and attempts to give the reader an overview of 
motion sickness research, which will be central to the remainder of the thesis. The 
following chapter examines the implications of these studies for research on occupants of 
tall buildings. 
3.1 Symptoms of motion sickness 
The most reliably produced symptoms of motion sickness are nausea, vomiting, cold 
sweating and pallor, often referred to as the "big four" (Reason & Brand, 1975). Other 
symptoms typically precede these primary symptoms, and occur more variably, including 
increased salivation, sighing, yawning, headaches, drowsiness, nystagmus (involuntary 
eye movements), and hyperventilation (Reason & Brand, 1975). Kennedy et al. (2010) 
add lassitude, impaired hand-eye coordination, and difficulty with temperature regulation. 
Graybiel and Knepton (1976) state that vomiting is the only unambiguous symptom of 
motion sickness; all other symptoms can be caused by many other factors and are 
therefore subject to misdiagnosis. Motion sickness does not always culminate in 
vomiting, as demonstrated by Kennedy and Graybiel (1965), who manipulated 
participants' exposure to high accelerations to prolong nausea, but avoiding 
accelerations that would produce vomiting. The act of vomiting has an inconclusive 
effect; in some suffers it provides relief, and in others it does not (Reason & Brand, 1975). 
Reason and Brand (1975) suggest three general factors contribute to the occurrence of 
motion sickness; individual susceptibility, the severity of motion, and the duration of 
exposure. Long duration exposure to mild motion tends to induce ‘head’ symptoms such 
as drowsiness and headaches, and ‘gastric’ symptoms may occur in particularly 
susceptible individuals or may never progress in resilient individuals. Even short-duration 
exposure to severely nauseogenic motion, such as cross-coupled angular acceleration 
(discussed later), “gastric” symptoms will be felt almost immediately, “head” symptoms 
may occur or be obscured by more salient symptoms (Reason & Brand, 1975).  
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Motion sickness is frequency dependent, and most motion sickness occurs between 
0.08-0.4 Hz (Guignard & McCauley, 1990). Motion sickness tends to increase with the 
severity of motion (acceleration). Figure 3.1 shows the interaction of frequency and 
acceleration of vertical motion on the likelihood of vomiting, clearly showing that the most 
nauseogenic motions are those with the lowest frequencies and the highest 
accelerations.  
 
Figure 3.1. Reported incidence of vomiting at sea under various combinations of frequency and 
acceleration showing the lowest frequencies of motion and the highest levels of acceleration are 
associated with the highest rate of vomiting (reproduced from McCauley et al., 1976) 
3.2 Sopite syndrome 
Researchers have long known that early onset symptoms precede frank motion 
sickness. Wendt (1944) stated, “Much motion sickness is of a severity so low that it 
escapes the attention of both the victim and his associates. This ‘subclinical’ phase may 
not progress beyond the early stages of mild emotional depression and loss of 
motivation”. Graybiel and Knepton (1976) was one of the first studies to examine 
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prodromal (early onset) symptoms of motion sickness, and identified a class of 
responses, which they termed sopite syndrome; sopite deriving from the Latin term 
‘sopor’ meaning 'sleep'. Low frequency, low-acceleration motion causes sopite 
syndrome, and is characterised by drowsiness, which may occur before, during, or after 
traditional symptoms of motion sickness. Lawson and Mead (1998) suggest that sopite 
syndrome is the responsible for the well-known fact that gently rocking an infant, tends to 
induce sleep. Graybiel and Knepton (1976) made use of a Slow Rotation Room (SRR), a 
large self-contained room that included beds and rest areas, capable of rotations up to a 
maximum of 10 rpm. During testing of participants in the SRR, Graybiel and Knepton 
(1976) recorded observations based on the experiences of experimenters repeatedly 
subjected to motion in the SRR while conducting tests on other personnel. The 
experimenters conducted about 2-4 tests per day and were of average susceptibility to 
motion sickness. The most commonly reported symptoms were yawning, drowsiness, 
difficulty concentrating, daydreaming and falling asleep. Graybiel and Knepton (1976) 
classified these effects as 'early sopite syndrome', as they occurred in the absence of 
nausea.    
In the first study, Graybiel and Knepton (1976) exposed four navy recruits to 25 days of 
continuous rotation, increasing rotations in 1-2 rpm increments each day up to a 
maximum of 10 rpm. The participants worked for approximately 8 hours per day and 
could spend the remaining time at their leisure. Symptoms of early sopite syndrome 
occurred in all participants in the absence of any of the traditional symptoms of motion 
sickness. Some participants were so lethargic that they were unable to carry out their 
allocated daily tasks. Graybiel and Knepton (1976) stated:  
“The onset was insidious, and the unsophisticated might attribute the 
yawning and drowsiness to boredom and relaxation. More distinctive 
symptoms, however, included a disinclination to be active physically or 
mentally, and the subject’s facies [a medical term used to describe distinctive 
facial expressions associated with a particular condition] and posture often 
reflecting these feelings” (p. 876).  
In a second study, the authors recruited 4 highly motivated navy personnel with low 
susceptibility to motion sickness exposing them to 12 days of rotation beginning at the 
maximum of 10 rpm. All participants initially had difficulty with movement and carrying out 
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their allocated tasks, and all suffered symptoms of motion sickness. After these 
symptoms subsided, participants experienced 'late sopite syndrome'; drowsiness, 
fatigue, and a tendency to minimise activity. Participants tended to minimise their head 
movements, which persisted long after symptoms of nausea ceased.   
In all cases sopite syndrome persisted past the cessation of motion. Some participants 
also reported difficulty sleeping at night, an increased rate of errors, mild-depression and 
an aversion to participate in group activities. Experienced experimenters reported that in 
the SRR they minimised stressful head movements. 'Stress-free' head movements are 
possible in the axis of the room's rotation, i.e. a yaw head motion, however, vertical head 
movements in the pitch axis, produces stressful cross-coupled angular accelerations. 
These occur only in very unusual settings such as a human rotated about the direction of 
gravity, as if one was on a spit-roast (Correia & Guedry, 1967). The reader can reproduce 
this effect by sitting on a spinning merry-go-round while moving their head up and down. 
Coriolis forces generate perceived motion in the orthogonal direction of head movement, 
called Cross-Coupled Angular Acceleration, creating a bizarre, unpleasant sensation 
and rapid onset of nausea (Reason and Brand, 1975). Graybiel and Knepton (1976) also 
noted that symptoms of motion sickness do not appear until after a period of stressful 
head movement and therefore individuals are less likely to attribute the onset of motion 
sickness to their physical motions and posture. 
3.2.1 Other studies of sopite syndrome  
Wright et al. (1995) studied 26 emergency services workers who were regularly required 
to attend emergencies by helicopter or ambulance to assess the potential effects of 
sopite syndrome on work performance. The investigators measured symptoms of motion 
sickness and sopite syndrome as well as cognitive performance using a Digital Span 
Task (DST). The DST required participants to memorise an increasingly long series of 
digits until they made an error, after which they were required to recall the digits in 
reverse order. Participants completed these measures after transportation, and after a 
normal shift at the hospital, as a baseline measure. Forty-six percent of participants 
reported motion sickness and 65% experienced sopite syndrome. Susceptibility to 
motion sickness and the occurrence of sopite symptoms were uncorrelated. Nausea was 
uncommon in ground transport, but sopite syndrome occurred independent of 
transportation type. Participants' cognitive performance was impaired in 77% of cases 
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from baseline to post-test, occurring independently of transportation type. This 
performance degradation occurred up until, on average, 31 minutes after exposure to 
motion.  
Kiniorski et al. (2003) attempted to induce sopite syndrome using an Optokinetic Drum 
(OKD). In the OKD procedure, participants sit on a chair surrounded by a large topless 
barrel. The inside is painted with vertical stripes, so when the barrel is rotated, the 
participant senses horizontal motion. Participants in the experimental condition were 
exposed to 5 rpm for 12 minutes aiming to induce sopite syndrome, not motion sickness, 
and with an identical procedure for the control condition except that the drum was 
stationary and painted solid, i.e. no stripes. The investigators measured motion sickness 
and mood. The OKD induced motion sickness and sopite symptoms. Mood scores 
decreased for both the experimental and control groups, indicating the OKD was too 
strong to induce only sopite syndrome, and evidently sitting still inside a drum for 12 
minutes also lowers one's mood. This study shows that inducing sopite symptoms alone 
is challenging. 
McCauley, Pierce, and Matsagas (2007) collected surveys from 2000 passengers of a 
127m boat during a 2-hour trip. Some passengers completed a manual dexterity task, 
requiring them to move pegs from one part of a board to another, measuring time to 
competition. Higher levels of motion sickness occurred on evening trips. The authors 
suggested that the absence of visual cues caused motion sickness, but conceded that 
symptoms might have been due to alcohol or fatigue. Recent exposure to other sea 
journeys was associated with relatively lower scores on the nausea sub-scale, but not the 
sopite scale, suggesting that adaptation to sopite and nausea are independent. Sopite 
syndrome occurred more frequently during morning trips and in relatively smoother 
conditions. 
3.2.2 Possible causes of sopite syndrome 
It is unknown whether sopite syndrome occurs on the lower end of the spectrum of 
symptoms of motion sickness, or whether it is a separate condition evoked by a similar 
set of environmental factors as motion sickness. Lawson and Mead (1998) cite four 
reasons why sopite syndrome is distinct from motion sickness. First, the two afflictions 
occur on different time scales, as sopite syndrome can occur before, during and after 
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motion sickness. Second, sopite syndrome can occur in individuals with low susceptibility 
to motion sickness. Three, the syndrome can occur in fully habituated individuals. Four, 
drugs that mitigate motion sickness have unpredictable effects on sopite syndrome.  
It is not clear why low frequency, low acceleration motion should produce sopite 
syndrome (Lawson & Mead, 1998). Anderson, Yardley and Luxon (1998) show that 
mental performance deteriorates while performing balance tasks, and suggested if 
control of balance is a perceptual motor skill, as opposed to an automatic response, then 
balancing competes with other tasks, causing interference and the stated performance 
degradation. Dornhoffer et al. (2003) suggests impaired balance may be responsible for 
difficulty concentrating in sopite syndrome. Other studies have shown that challenges to 
balance can affect cognitive performance. Andersson et al. (2002) shows that cognitive 
performance and balance draw from shared attention resources, and that humans show 
a tendency to prioritise posture over cognitive performance. Chong et al. (2010), May, 
Tomporowskui, and Ferrara (2009) and Mersmann et al. (2013) have found similar 
results.  
Kennedy et al (2010) suggests that sopite syndrome may have more serious 
consequences than traditional motion sickness because of the dangers of drowsiness in 
certain situations. Brill (2003) suggests that sopite syndrome might cause driver fatigue 
and falling asleep while driving rather than lack of sleep boredom or other proposed 
factors. Lawson and Mead (1998) state that motion sickness researchers do not make 
regular mention of sopite syndrome and often do not measure it. Chapter 4 discusses the 
implications of sopite syndrome for wind-excited tall buildings. 
3.3 Habituation  
Researchers understand relatively little about habituation to motion environments. 
Adaptation or the acquisition of "sea legs", can take anywhere from hours to days, and in 
approximately 5% of people it never occurs (Stevens & Parsons, 2002). Once one has 
successfully habituated to motion at sea, habituation also must occur upon during the 
transition back to land, referred to as Mal de debarquement (Reason & Brand, 1975). 
Some individuals report a moving sensation for several days after they reach land. While 
the mechanism that allows habitation to motion is unknown, some factors can facilitate 
habituation. Adaptation is more effective when increases in acceleration occur slowly, as 
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abrupt changes tend to induce motion sickness rapidly (Graybiel & Knepton, 1976). 
Adaptation tends to be specific to a type of motion. Navy personnel who had reportedly 
adapted to a particular class of ship, suffered motion sickness again when they moved to 
a different class of ship, requiring re-habituation (Reason & Brand, 1975). Similarly, 
experienced aircraft personnel are relatively more prone to motion sickness in simulators 
(Johnson, 1995). 
3.4 Linear and angular accelerations 
Changing accelerations are one of the main causes of motion sickness. The following 
section outlines the terminology used to describe those accelerations. Linear 
acceleration occurs when an object moves along a vector, measured in terms of the 
change in distance travelled over time (usually in m/s2). For example, linear acceleration 
occurs when a stationary car accelerates away from a set of traffic lights. Angular 
acceleration occurs due to rotation. Standard pitch, roll and yaw terminology are used to 
describe angular accelerations (usually in rad/s2). Changes pitch are in the direction of a 
nodding ('yes') motion, and yaw motions occur when one shakes their head in 
disagreement. Roll motions occur if one tries to touch their ear on their shoulder.   
3.5 The Vestibular System  
Early research on motion sickness showed that an intact vestibular system is required for 
symptoms to occur (James, 1882). The Vestibular system is located in the inner ear and 
has three main functions: to help regulate posture and muscle tone, to control 
compensatory eye movements, and to provide input to the autonomic nervous system 
(Standring, 2008).  
Figure 3.2 shows a diagram of the Vestibular system. The two most relevant parts are the 
semi-circular canals and the otolith organs. The semi-circular canals are three almost 
circular protrusions (the superior, posterior and horizontal), positioned roughly 
orthogonal to each other, which detect angular acceleration of any pitch, yaw or roll of the 
head, working as a set of ‘X-Y-Z spirit levels' (Macefield, 2009). In a standing position, 
gravity provides a constant force on the endolymph fluid contained in the canals, and 
movement of the head causes the fluid to move through the canals, detected by tiny 
hairs, called cilia, which transmit the signals to the brain (Standring, 2008). 
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Figure 3.2. The human vestibular system, showing the semi-circular canals which signal angular 
acceleration and otolith organs which perceive linear acceleration (reproduced from the 
Encyclopedia Britannica, 2011) 
The otoliths are comprised of the saccule and the utricle, which function like a builder’s 
plum bob, and detect linear acceleration and gravity. The saccule is oriented vertically to 
perceive vertical motion, e.g. in an elevator. The utricle is oriented horizontally to enable 
the perception of horizontal acceleration, e.g. a vehicle travelling in a straight line. Both 
the saccule and the utricle are comprised of tiny crystals, called otoconia, embedded in 
gelatinous matter over a fixed supportive base. Linear accelerations place force on the 
relatively heavier crystals that move with respect to the supporting cells, pulling on tiny 
hairs called stereocilia, which again send signals to the brain indicating the strength of 
the linear acceleration (Standring, 2008).  
The otoliths can only detect the total forces acting on them, and therefore cannot 
distinguish between gravity and other forces (Young, 2003). For example, a plumb bob 
fixed to the roof inside a stationary car, would hang vertically, indicting only the direction 
of gravity. If the car were to accelerate, the plumb bob would move toward the back 
windscreen in the car, pushed back by the force vector opposite to the direction of 
acceleration, but also still pulled down by gravity. The angle of the string connecting the 
plum bob to the point where it is fixed in the car is indicating the combined force of gravity 
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and acceleration, referred to as the 'gravitioinertial force vector' (GIV). Under 
acceleration, humans maintain balance by resisting the force and aligning posture with 
the GIV (Riccio & Stoffregen, 1988).  
Macefield and colleagues have investigated how the vestibular system communicates 
with other parts of the body and how it might regulate other physiological functions such 
as blood pressure during changes of posture. Bent, Bolton and Macefield (2006) used a 
technique called Galvanic Vestibular Stimulation (GVS), where small electrodes placed 
behind the ears, output a small sinusoidal electrical current that stimulates the vestibular 
system. Stimulation at low frequencies produces an illusion of a swinging motion in the 
absence of any real motion. The advantage of this technique is that investigators can 
study ‘sympathetic’ responses, or flow on effects, from the activation of the vestibular 
system that are not confounded by other nerve responses such as muscle proprietors 
that would be activated by real motion. The investigators found that artificial activation of 
the vestibular system modulated 31-86% of the activity recorded from inside a nerve in 
the leg.    
Hammam et al. (2011) showed that the receptors in the vestibular system ‘fire’ twice in 
response to sinusoidal motion, corresponding to the peaks in the signal, or changes in 
direction, which occur when the otoliths respond to the change in forces acting on them. 
Hammam et al. (2012), in a follow-up study, found that skin sympathetic nerve activity is 
also modulated by vestibular activation, as sweat release for example, is one of the 
primary symptoms of motion sickness. Participants who reported nausea showed a 
greater level of modulation than those who did not, indicating a physiological component 
to susceptibility to motion sickness.   
3.6 'How' theories of motion sickness  
Golding (2006b) suggests that there are two types of motion sickness theories, those that 
attempt to address ‘how’ symptoms of motion sickness are produced, and those that 
explain 'why' the symptoms are as they are. This section first addresses 'how' theories. A 
discussion of the need for a distinction between ‘how’ and ‘why’ is reserved for later in the 
chapter.  
Through the 17th to the 19th centuries, so-called “blood and guts” theories dominated 
motion sickness research (Reason & Brand, 1975). Scientists and doctors believed that 
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the disturbing motions, of ships in particular, agitated the contents of the stomach 
producing nausea, or that motion caused blood to pool in the gut, drawing blood away 
from the brain causing light-headedness and nausea. As mentioned earlier, William 
James (1882) found that deaf subjects, with dysfunctional vestibular systems, would not 
become sick in a spinning chair; the entire group had never been seasick. Money (1970) 
suggested this was the largest advancement in the understanding of motion sickness, 
because the focus shifted from the stomach to the vestibular system. This led to 
vestibular overstimulation theory, which proposed that excessive vestibular stimulation 
overwhelmed the organ resulting in motion sickness. Researchers eventually abandoned 
the theory because it was unable to account for visually induced motion sickness in the 
absence of real motion, and that motion sickness only occurs in response to 
low-frequency accelerations (Benson, 1984). 
There are many contemporary theories of motion sickness, most falling into one of two 
groups. The first group regard conflicting sensory information as the cause of motion 
sickness (e.g. Reason & Brand, 1975, Oman, 1982, Bles et al., 1998), the second 
implicate the instability of posture as the cause of motion sickness (Riccio & Stoffregen, 
1991; Takahasi, Ogata and Muira, 1995). The following section briefly describes other 
competing theories of motion sickness. 
3.6.1 Sensory Conflict Theory 
Contemporary motion sickness researchers regard Sensory Conflict Theory (SCT) as the 
dominant theory of motion sickness (Stoffregen & Riccio, 1991; Golding, 2006; Bowins, 
2010; Bos, 2011). 'Sensory mis-match', 'sensory rearrangement' or the 'neural 
mis-match hypothesis' are terms used to describe SCT. The notion of conflicting 
perceptual information was first suggested by Irwin (1881) who noted the link between 
the incidence of motion sickness and the altered perception of motion at sea. Reason 
and Brand (1975), Reason (1978) and Oman (1982) later developed the notion of conflict 
into a more sophisticated theory. SCT posits that an individual in a static environment, in 
control of their own locomotion, will receive highly correlated sensory information from 
their visual system (e.g. the retina, occipital cortex etc.), vestibular system (semi-circular 
canals and otoliths), and proprioceptors (e.g. muscles, tendons that provide a self of the 
body’s location in space). Under SCT, conflicting, or uncorrelated perceptual information 
from two or more perceptual system causes motion sickness.  
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The vestibular system is necessary to produce motion sickness, therefore sensory 
conflicts could be either inter-modal, for instance between the visual and vestibular 
systems, or intra-modal, within the vestibular system, between the semi-circular canals 
and the otoliths. Visual-vestibular conflicts could be caused by an individual who could 
see motion but not feel it (watching a movie on a large screen), feel motion but could not 
see it (sitting in the centre isle of an aeroplane), or feel motion that is not real (standing in 
shallow water on a beach facing the ocean while a wave recedes). Canal-otolith conflicts 
are more complicated, and only occur in very unusual situations such as cross-coupled 
angular acceleration. 
Conflict theories differ as to where the conflict occurs. The first is ‘input conflicts’ (e.g. 
Howard, 1982) which posit that conflicting input streams produce conflict, such as raw 
visual and vestibular inputs. Reason (1978) argues input conflict alone cannot account 
for motion sickness because individuals can habituate to motion, therefore something 
must occur after sensory input for habituation to occur. Output conflict theories (e.g. 
Benson, 1984) suggest that the conflict occurs later in the sequence of perceptual 
processing, where some modalities are differentially sensitive to inputs under certain 
conditions given 'identical' input information. The final, and most popular type of conflict, 
is expectancy violations (e.g. Oman, 1982; Reason and Brand, 1975). Here, a 
‘comparator system’ in the brain filters patterns of visual, vestibular and proprioceptive 
inputs, to generate a baseline for sensory inputs for later comparison. The baseline is an 
expectation for how sensory data should correlate for the future events.  
When an individual receives sensory information that does not cohere in the expected 
pattern, based on prior experience, the sensory systems are in ‘conflict’. For example, if 
an individual sat in a static motion simulator, they would receive highly correlated visual 
and vestibular information, based on previous experience. However, if the motion 
simulator was turned on, then previous expectations of the room would suggest that 
visual and vestibular cues should be highly correlated, but the individual perceives 
vestibular cues in the absence of visual cues to motion. The conflicting sensory 
information, as it relates to a baseline perception, is said to be in conflict. Conflict based 
on expectancy allows for the possibility of habituation, as changing expectations can 
resolve the said conflict.  
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SCT posits that larger degrees of conflict are associated with more severe symptoms of 
motion sickness (Oman, 1982). Variations and refinements of Sensory Conflict Theory 
continue to be researched and published (e.g. So, Ho, & Lo, 2001; Fetsch, Turner, 
DeAngelis, & Angelaki, 2009; Bos, 2011; Raisig, Welke, Hagendorf, & van der Meer, 
2010; Kalisvaart, Klaver, & Goossens, 2011; Khalid, H. Turan & Bos, 2011). 
3.6.2 Perception  
From the preceding sections, it should be obvious that perception is central to 
understanding motion sickness. Sensory conflict theory makes assumptions about 
perception which have been criticised by some investigators (e.g. Money, 1970; 
Stoffregen and Riccio, 1991; Lackner, 1981). The following section will discuss two 
paradigms of perception and then examines SCT with respect to perception, and general 
criticisms of the theory.  
The traditional view of perception is that it occurs indirectly. The conscious 
representation of perceptual information, or what we actually see when we open our 
eyes, is said to be indirect because the raw signal from the eyes is ‘interpreted’ or 
‘processed’ by the brain and what is seen is the brain’s representation of the raw signal. 
Raw sensory inputs vary by wavelength and amplitude, and provide data about 
characteristics of the physical environment, but are not sufficient for perception without 
some form of processing. Without memory or cognitive processing, sensory data is 
ambiguous with respect to the environment (Michaels & Carrello, 1981). For example, 
reflected light onto the retina from an object with a horizontal square wooden surface, 
supported by four vertical poles, would be received by the visual system as a series of 
differing wavelengths and amplitudes, and could not be recognised as a chair without 
memory and some sort of matching system. In sum, indirect perception characterises 
sensory information as 'inaccurate', 'incomplete' and 'ambiguous' with respect to the 
environment (Michaels & Carrello, 1981).   
A relatively recent and fundamentally different approach to perception posits that 
individuals directly perceive information in the environment. Gibson (1966, 1979) called 
this new paradigm the ‘ecological approach’. Gibson's guiding philosophy was that 
perception and action are inseparable. Directed action (or behaviour) cannot occur 
without perception; therefore, perception serves no purpose other than to support action. 
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The investigation of either perception or action in isolation excludes the interaction 
between the two. The fundamental level of analysis of the ecological approach is the 
individual's observable interaction with their environment. The ecological approach is 
similar to behaviourism (Skinner, 1953), because of the focus on observable behaviour, 
though the major distinction is that behaviourism adopts a stimulus/response model, a 
one-way interaction where a stimulus causes a response. The ecological approach adds 
a feedback loop where the individual characterised as active, behaviour also affects the 
stimulus, therefore stimulus and responses continuously inform the other in a closed loop 
(Michaels & Carello, 1981). Riccio and McDonald (1998) argue that perception and 
action are treated as inseparable in psychophysics, biomechanics, neurophysiology and 
that the division of these concepts is usually only found in psychology.  
Gibson characterises people as "active perceiver[s]" of their environment, not "passive 
recipients of information" (Michael & Carello, 1981, p.15). Michaels and Carello (1981) 
argue that a theory of perception should be about "knowing the environment" (p.1). This 
information about the environment is "unaided by inference, memories, or 
representations" and that "a perceiver need only detect that information, not elaborate on 
it" (p.2). Gibson describes information as "structure that specifies an environment to an 
animal. It is carried by higher-order patterns of stimulation - neither points of light nor 
collections of such points (images) - but, rather, complex structures given over time. 
These patterns are information about the world." (p.9). An example being optic flow, 
where motion through an environment is not characterised by a static series of retinal 
images, which the brain interprets occurring in sequence linearly over time, instead a 
pattern of movement specifying motion. The ecological approach considers all 
perceptual information about the environment as veridical or notionally ‘true’. This 
approach is in contrast to the inferential approach of indirect perception where all sensory 
information is a representation of the environment in the brain, with an indeterminate 
relation to what is ‘true’ (Riccio & Stoffregen, 1991). Proponents of the ecological 
approach consider individuals as a "black box" where is it not necessary to look inside the 
box to understand the person / environment interaction (Riccio & Stoffregen, 1988):   
"We address the observability of the system's states by identifying 
information that is available to the organism's perceptual systems. Examples 
of such specific (lawfully related) to a particular movement of the head in an 
inertial frame of reference, and stimulation of the somatosensory system that 
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is specific to a particular movement of one part of the body relative to 
another. We address the controllability of the system's states by identifying 
constraints on movement imposed by the mechanical properties of the 
organism's action systems and by the mechanical properties of the 
environment. The relationship between observables and control actions is 
determined by the goals of the organism." (p. 266, Riccio & Stoffregen, 
1988).   
The ecological approach rejects the notion of theoretical structures within the mind, or 
cognition, for example 'working memory' or 'executive function'. In favour of parsimony, 
the ecological approach only measures observable behaviours. In the case of memory, 
the observable behaviour could be the number of items recalled in a test, representing 
the limitations of memory without needing to posit an unverifiable mental process such as 
working memory. Direct perception does not negate other approaches such as neurology 
or physiology, they are simply a different level of analysis. Such approaches are 
complementary, as they explain how the physical structures in the body support both 
perception and action. Direct perception simply attempts to remove unverifiable 
constructs in favour of a more parsimonious model of human behaviour. The critical 
difference between direct and indirect perception being that under direct perception, the 
relationship been the physical environment and perceptions of the environment are 
lawfully related, thus the interaction is quantifiable. There is no misalignment between the 
physical environment and the perception of that environment that must be resolved by 
cognitive mechanisms. 
3.6.3 Limitations of sensory conflict theory 
From the perspective of direct perception, and parsimony in general, many investigators 
have criticised SCT. Stoffregen and Riccio (1991) provide the most systematic and 
significant critique, the central argument being that "the existence of any form of conflict 
is a hypothesis rather than a fact" (p. 161). 
3.6.3.1 A baseline of non-conflicting sensory inputs is not plausible 
The inherent position of sensory conflict theorists is that perceptual systems operate 
antagonistically through an inductive process to determine which sensory information is 
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conflicting and what is not conflicting (Stoffregen & Riccio, 1988) necessarily requiring 
some means of determining what is 'normal' (Stoffregen & Riccio, 1991). Stoffregen and 
Riccio (1991) argue that all types of conflict, input, output, and expectancy violations rely 
on some form of expectation to allow said conflict to exist. That is, they all require an 
internal system capable of distinguishing how perceptual information should cohere for 
'conflict' to exist; the types of conflict merely differ in terms of where the comparison 
occurs. They argue that "there can be no objectively defined standard pattern of 
intermodal stimulation that can be used as the basis for calculations of sensory conflict" 
(p. 188). That is, there can be no accurate basis for comparing 'conflict' and 'non-conflict'. 
They make this argument on the basis that 'conflict' is common, but motion sickness is 
rare, therefore it is not possible to establish a reliable baseline. Several situations exist 
that should produce conflict where symptoms of motion sickness are absent. For 
example, standing in a tilted room or standing on a tilted surface, as there is no reason 
that conflict should only occur in dynamic environments. Another example is travelling in 
a car at a constant speed. The otoliths provide stimulation while accelerating only, and 
therefore signal that one is stationary, however visual cues indicate motion, which should 
therefore produce conflict (Stoffregen & Riccio, 1991). Further, they argue that the only 
conditions that may constitute true conflict-free perceptual information would only occur 
in very specific circumstances; namely, when an individual standing still, is rigid, on a flat 
rigid surface, with no external visual motion. Stoffregen and Riccio (1991) argue that 
'conflict' is the standard, not the exception.  
3.6.3.2 'Conflict' need not be considered conflict 
Riccio and Stoffregen (1991) argue that "The concept of sensory conflict derives from the 
assumption that stimulations of perceptual systems is ambiguous or nonspecific with 
respect to physical reality" (p. 197) and state that while one mode of sensory information 
can be ambiguous to the environment, multiple sources of sensory information resolve 
the ambiguity. Multi-mode sensory information is ‘complementary’ rather than 
‘conflicting’. Sitting in an IMAX theatre motion is apparent, but there are no vestibular or 
proprioceptive cues to motion, which can induce motion sickness in some individuals. 
Sensory conflict theorists argue that the individual interprets one stream of sensory 
information as inaccurate, therefore producing conflict. However, there is no inherent 
need to interpret either sensory stream as providing discrepant information, as vestibular 
and visual information resolve the ambiguity indicating that one is viewing a 
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representation of motion. Twenty years earlier, Money (1970) made a similar 
observation, suggesting that seemingly conflicting visual, vestibular and proprioceptive 
inputs are more appropriately termed "unusual" than "conflicting", a more parsimonious 
interpretation which requires fewer assumptions.  
3.6.3.3 Sensory Conflict Theory is not parsimonious 
Post-hoc additions to SCT are problematic. Oman (1982) argues that sensory data is 
continuous with an inherent level of noise (as with almost any dynamic physical 
measure), therefore there will always be some level of conflict, albeit small. As individuals 
do not become sick because of noise-based conflict, SCT introduces a high-pass filter so 
that only conflict over a certain magnitude will produce 'real' conflict. Further, motion 
sickness only occurs at frequencies typically under 0.4 Hz, so a low-pass filter is also 
necessary. Stoffregen and Riccio (1991) regard these additions as post-hoc and not 
parsimonious. 
3.6.3.4 Conflict is not measurable 
Perhaps the simplest and most significant critique of conflict is that it is not measurable. 
Were expectations not implicated in SCT, investigators could objectively measure 
conflict, and the magnitude of conflict; imposed accelerations in m/s2, in the absence of 
visual cues, would directly represent conflict. Given that conflict only exists with reference 
to expectations of sensory coherence, which are not measureable, conflict is also 
impossible to measure (Stoffregen & Riccio, 1991). Ebenholtz et al. (1994) also note that 
SCT is not scientifically falsifiable.  
3.6.3.5 Behaviour is not accounted for in Sensory Conflict Theory 
It is difficult to deny the role of behaviour in motion sickness as the posture adopted in 
motion environments is known to affect susceptibility (e.g. ; Dong et al., 2011; Fukuda, 
1975; Graybiel and Knepton, 1976). However, in SCT, "the behaviour of the animal, as 
such, has no etiological role; motion sickness is caused by conflict, and behaviours are 
simply a source of conflict (either because it causes stimulation, or because it is a source 
of expectations)" (Stoffregen & Riccio, 1991, p. 184). Therefore SCT cannot adequately 
account for how control characteristics influence the likelihood of motion sickness, e.g. 
why drivers are less likely to become motion sick than passengers (Riccio & Stoffregen, 
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1991). 
3.6.3.6 Sensory Conflict Theory has poor predictive validity 
Many investigators have criticised SCT for its poor predictions about which environments 
should provoke motion sickness, and which should not, particularly with regard to motion 
sickness in space (e.g. Draper et al., 2001; Kolasinski, 1995; Lackner & DiZio, 2005). 
3.6.4 Postural Instability Theory 
Alongside their critique of SCT (Stoffregen & Riccio, 1991), Riccio and Stoffregen (1991) 
published a competing theory of motion sickness, which posits that “motion sickness 
results from prolonged instability in the control of posture” (p. 196), referred to as Postural 
Instability Theory (PIT). The centrality of posture to motion sickness is not a new concept. 
Reason and Brand (1975) describe from uncited, and reportedly difficult to obtain, 
accounts of Russian space flight training, that postural stability was central to their 
training. The apparent theory was that an individuals’ ability to regain their balance after 
exposure to significant forces was a protective factor against motion sickness. Russian 
scientists used ‘vestibular training’ to precondition astronauts against strong 
accelerations to reduce susceptibility to motion sickness. 
Stance is fundamental to action, the foundation for action, therefore disruptions to 
posture have implications for the control of action (Riccio & Stoffregen, 1988). Posture is 
defined as “the overall configuration of the body and its segments” and postural stability 
as “the coordinated stabilisation of all body segments” (Riccio & Stoffregen, p. 199). A 
change in one segment of the body affects the stability of other segments, with larger 
segments having a relatively larger effect on smaller segments. Stoffregen and Riccio 
(1988) define postural control in terms of the ability to control the desired action of the 
animal. Riccio and Stoffregen (1991) make the assumption that that organisms seek to 
minimise unnecessary movements. 
3.6.4.1 Control Dynamics - Behavioural adaptation  
Riccio and Stoffregen (1991) suggest that instability is only possible during active control 
of posture and instability can only occur during an attempt to control posture. Control of 
posture is fundamental to PIT, the physical reaction to imposed real or visual motion. 
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Certain control strategies, or a failure to adapt to the characteristics of a new 
environment, are said to influence stability; for example the bus driver and conductor 
adopt an appropriate control strategy while driving the bus, but the passengers often do 
not, and are subsequently more likely to become motion sick (Fukuda, 1975). While an 
individual is in a motion environment without adapting their control strategy to the new 
dynamics of that environment, that individual is in a state of postural instability. There are 
situations where it is difficult or impossible to leave the environment that is causing the 
instability, e.g. a pilot flying a plane, in the workplace, or some modes of travel. However, 
exposure to such environments can also allow the individual to adapt to the environment 
as they learn to maintain control under new ‘rules’. However, during the process of 
adaptation, and the ensuing temporary instability, the individual will have a reduced 
ability to perform goals, i.e. performance will be degraded. A control strategy that is 
appropriate in one environment is not necessarily appropriate another environment. It is 
advantageous to maintain muscle stiffness around the ankle to hold the ankle joint rigid 
while standing still on a solid surface. However, adopting this control strategy on board a 
ship at sea will impair balance. Conversely, loosening that muscle tension around the 
ankles will result in a control strategy that allows the individual to maintain balance 
(Stoffregen & Riccio, 1988).  
3.6.4.2 The frequency dependence of motion sickness  
Natural body sway occurs within the frequency range between 0.1 and 0.4 Hz, the same 
frequency range also causes nausea, yet one's own sway does not produce motion 
sickness (Stoffregen & Smart, 1998). Stoffregen and Smart (1998) suggest that exposure 
to motion within the frequency range of body sway might contribute to postural instability 
due to wave interference (waves in the same range amplify the overall wave when each 
wave crest coincide, and cancel-out when peaks and troughs coincide), producing an 
unpredictable pattern of fluctuations in body sway, inducing postural instability. 
3.6.4.3 Evidence in support of Postural Instability Theory 
Merhi et al (2002) found that 100% of participants who played video games through a 
head mounted display while standing, reported motion sickness, where only 59% were 
affected in the seated condition. Participants who later became sick showed more 
variability in head and body movements than in non-sick participants. SCT cannot 
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account for the decreased sway in the sitting condition.   
Smart, Stoffregen and Bardy (2002) used a moving room to simulate the frequency and 
amplitude of natural body sway. Lee and Lishman (1975) first used the moving room 
technique. A room is built within a larger room, however, the two rooms share the same 
physical floor and the smaller room then oscillates along one axis using a set of rollers; 
producing an effect where the room appears to move but participants receive no 
vestibular or proprioceptive cues to motion because the participant does not physically 
move. Smart et al. (2002) magnetically tracked head movements. Participants showed 
increased postural instability before they reported motion sickness. Increases in sway 
occurred in the medio-lateral axis (side-to-side), not just the axis of the movement of the 
room, i.e. anterior-posterior (front-to-back). Three of the 16 participants reported 
symptoms of motion sickness. Villard et al. (2008) replicated the above finding in virtual 
reality, exposing participants to a virtual moving room, where a room oscillates along the 
anterior-posterior axis to mimic a real-moving room. Each graph in Figure 3.3 is a 
birds-eye view of the participant’s movement, back-and-forth and side-to-side, at three 
separate time intervals. A more diffuse scribble indicates more variability in movement; a 
tighter cluster indicates relatively more stability. The participant on the bottom row, who 
became motion sick, shows a relatively large amount of postural variability as exposure 
to motion increased, compared with the participant who did not become sick. Villard et al. 
(2008) concludes that the relatively greater level of postural instability shown by the 
participant on the bottom row was the cause of motion sickness.  
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Figure 3.3. Postural sway for one participant's torso during three separate periods. ML = 
medio-lateral, AP = anterior-posterior (reproduced from Villard et al., 2008)  
Stoffregen et al. (2010) examined whether changes in stance width, and therefore 
stability, would reduce motion sickness. The investigators asked 59 participants to focus 
on a map at the far end of a moving room oscillating between 0.02 and 0.31 Hz. The 
investigators tracked head and torso movements. The experiment tested three stance 
conditions: baseline 17 cm (typical stance width), 5 cm, and 30 cm. The authors used 
Detrenched Fluctuation Analysis (DFA) to analyse changes in postural sway over time. In 
DFA, α denotes the relationship between variability in posture and time scale. 
Uncorrelated (white noise) data has a value of approximately α = 0.5, highly ordered or 
self-similar data (Brownian noise) has a value of approximately α = 1.5. Participants 
completed the Simulator Sickness Questionnaire before and after testing, as well as a 
third time 24 hours later or whenever participants felt symptoms of motion sickness. 
Symptom severity was significantly higher for the group that became sick, but severity did 
not differ by stance width. Under normal body sway, participants with the wider stance 
showed less medio-lateral sway, however anterior-posterior sway unaffected. The 
incidence of motion sickness increased significantly as stance width decreased. When 
standing normally before exposure to motion, the experimenters observed differences 
been those who did and did not develop motion sickness. Participants who became sick 
had higher values of α, indicating that their posture was less variable than those who did 
not develop motion sickness.  
75 
Control of action is central to PIT. Mayo, Wade and Stoffregen (2011) state that for 
individuals to control locomotion in static environments, they must control the velocity 
and direction of locomotion while also maintaining balance with respect to their support 
surface, typically the ground. However, when travelling in a vehicle, a driver controls the 
vehicle with respect to the outside environment (the road), while simultaneously 
controlling posture with respect to the vehicle itself. A complex combination of forces 
affect vehicle occupants; linear acceleration while taking off, and angular acceleration 
while turning, and both while accelerating out of a corner. Drivers seldom become motion 
sick. Drivers have control over the vehicle, and are therefore able to anticipate and 
counter the imposed forces and control their posture (Mayo et al., 2011). Dong, Yoshida 
and Stoffregen (2011) describe a car driver's control strategy as 'anticipatory'. Vehicle 
passengers do not control the vehicle, and are therefore less able to anticipate motion. 
Passengers therefore experience less predictable motion and must adopt a 
'compensatory' strategy to maintain control of posture.  
Dong et al. (2011) observed that individuals tend to lean while cornering in simulated 
driving environments, which the authors suggest is maladaptive because the participant 
is not exposed to any centripedal force, therefore there is no need counteract it to 
maintain posture, thus leaning induces instability. Dong et al. (2011) examined postural 
activity of drivers of virtual vehicles to examine the relationship between control and the 
incidence of motion sickness. Participants played a virtual driving game in pairs. All 
motion was apparent, not real. The first in the pair person played the driving game and 
the on-screen imagery was recorded. The second participant (who was not present 
during recording) then viewed the video of produced by the driver. Drivers were less likely 
to report motion sickness (15.4%) than passengers (69.2%). Drivers exhibited more 
postural activity (and more predictable movement) than passengers. Participants who 
became sick showed increasing variability in posture. Head movements showed higher 
levels of coupling (or correlations) when both participants remained non-sick. Motion sick 
passengers showed more variable head movements. Differences between sick and well 
participants only occurred for variability, not with DFA (self-similarity). However, drivers 
showed a higher level of self-similarity than passengers using DFA, but this did not 
differentiate those who became sick from those who did not. Control over motion 
characteristics, even in the absence of real motion, can reduce the likelihood of motion 
sickness. 
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3.6.5 Disorientation / Control disruption theory 
Other researchers have, independently of Stoffregen and Riccio's work, examined the 
relationship between postural control and motion sickness. Takahashi, Ogata and Miura 
(1995) propose that disorientation causes motion sickness. Takahashi et al. (1995) 
states that motion sickness "is an alarm against the loss of spatial orientation, and that 
once spatial orientation is lost, ataxia [a lack of coordination] progresses to a dangerous 
level unless uncomfortable symptoms [motion sickness] appear" (p. 130). The 
investigators conducted three studies. In the first study, they asked 26 participants, aged 
18-44, to walk around a park wearing prism-reversing glasses; with the image reversed 
along the vertical axis in one condition, and the horizontal axis in the other. Participants 
walked along a set path that became increasingly difficult to navigate, while 
experimenters observed posture and performance while recording participants' reported 
symptoms of motion sickness. In the second study, 10 participants aged 21-34 
performed an identical task, which included the Graybiel and Fregly ataxia test, a 
measure of balance, administered before and after exposure to the prism-reversing 
glasses. In the third study, 90 participants aged 4-15 simply walked around while wearing 
prism-reversing glasses. The investigators measured ataxia and reported symptoms of 
motion sickness.  
Vertically-reversed glasses produced no motion sickness or ataxia in any of the studies. 
However, horizontally-reversed glasses produced motion sickness in most adults. 
Participants suffering motion sickness had difficulty walking. These participants often 
walked with exaggerated postures adopting wide stances, using their arms to maintain 
balance. Highly susceptible individuals rapidly became dizzy, and susceptibility to motion 
sickness correlated with the length of time individuals were able to walk before their gait 
became too unstable. Notably, nausea occurred immediately after an unexpected 
occurrence, such as stumbling or bumping into a wall. Very few participants were able to 
walk for sustained periods with no symptoms of motion sickness. Scores on the Graybiel 
and Fregly ataxia test were significantly degraded by horizontally-, but not 
vertically-reversed glasses. Children, like adults, were unaffected by vertically reversed 
glassed. Children aged 4-5 years experienced no symptoms of motion sickness, only 
headaches. They did however show signs of ataxia, with reportedly "drunken gait, frozen 
posture, unpredictable falling or [the] inability to stand up" (p. 131). As age increased, so 
did the traditional symptoms of motion sickness with a concomitant decrease in ataxia, 
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which Takahashi et al. (1995) interpret as the autonomic nervous system managing the 
"progression of instability". Takahashi et al. (1995) report one case supporting their 
theory:  
"We witnessed a scene which supports our hypothesis. A young male subject 
became sick and ataxic soon after walking while wearing horizontally 
reversing goggles. After a few minutes, he again began to walk by 
suppressing discomfort, however, the lower half of the body suddenly 
collapsed as if he had been shot in the head. He could no longer stand up for 
a while, even if we supported his arms, and it took him a very long time to 
recover. These observations suggest that once a disorder in spatial 
orientation is recognised, the warning system not only evokes appropriate 
autonomic nervous symptoms, but also freezes regulation of action. Thus, 
when action is forced to continue while the system warns against a danger, 
the system may collapse". (p. 133) 
This example neatly illustrates that in some situations the body terminates motor control, 
given a sufficiently advanced state of ataxia. Takahashi et al. (1995) suggest that the 
disorientation produced by the horizontally reversed glasses interfered with the control of 
action, as visual cues are the reverse of proprioceptive cues. Takahashi et al. (1995) 
concludes that "stability is necessarily impaired when motion sickness occurs, 
irrespective of the kind of sickness" (p. 133) and suggests that motion sickness serves an 
adaptive function of a warning system designed to keep humans and animals away from 
dangerous environments characterised by disorientation. Motion sickness acting as a 
form of negative reinforcement seems reasonable, but the termination of postural control 
in potentially dangerous situations is questionable from an adaptive perspective, as 
terminating control removes the individual's ability to exit the potentially dangerous 
environment. However, any post-hoc interpretation evolutionary adaptations are difficult 
to empirically support.  
In a follow-up study, Takahashi, Ogata and Miura (1997) tested 26 adults aged 18-44, 90 
children aged 4-15, and 2 labyrinthine defective individuals (one acquired, one 
congenital). Participants walked around a tracked, guided by verbal instruction, while 
wearing prism-reversing glasses. Again, no effects were of vertically reversed glasses 
were observed. Seventy-seven percent of adults became motion sick within 10 minutes 
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with horizontally reversed glasses. Two individuals managed to walk for 90 minutes but 
both vomited at the end of testing. As in the previous study, unexpected actions produced 
by erroneous head turns, bumping into objects, and stumbling almost always resulted in 
motion sickness and the frozen posture in highly susceptible individuals. 4-year olds 
reported no nausea, but the incidence of nausea increased from 14% in 5 year olds to 
100% in 11 year olds. Another specific case was reported after a young participant 
became sick and fell; the authors reported that "He could not keep his stance even with 
the shoulders being supported since the muscular tension of his lower half of the body 
was completely lost. Although the ataxia soon subsided, it took 2 hours for the sickness 
to subside." (p. 182). Takahashi et al. (1997) suggest the children were unaffected by 
motion sickness, as their warning system has not yet developed. Neither of the 
labyrinthine defective individuals suffered motion sickness. However, the individual with 
acquired loss had significant problems with ataxia. Once the participant wore the 
glasses, he could not maintain an upright posture. Attempting to walk resulted in falling. 
Eventually the participant could walk but not well, nor could he walk after taking the 
glasses off and seemed have impaired proprioception.  
Fish have also shown the potential for outright loss of motor control. Scherer et al. (1997) 
subjected a tank of fish to coriolis forces observing that some were active, swimming 
against the changing forces, whereas others became uncoordinated and abandoned 
attempts to maintain control. Owen et al. (1998) highlight the similarities between the 
disorientating conditions that tend to induce motion sick and a disorder known as Space 
and Motion Discomfort (SMD) (Jacob et al., 1993). Individuals with SMD panic in 
disorientating environments, where there are "incongruous"' patterns of stimulation, e.g. 
visual motion in the absence of vestibular cues, and suggest that the panic is due to a 
difficulty with perception and control of posture in these environments. Owen et al. (1998) 
suggests that cause of SMD relates to the cause of general motion sickness. Participants 
without SMD viewed a rotating virtual corridor at 0.3 Hz through a virtual reality display. 
Participants stood on a force plate with vibration applied to their calf muscles to impair 
proprioceptive feedback. Susceptibility to motion sickness, measured using the Vision 
and Motion Sensitivity Questionnaire, correlated with postural instability. Owen et al. 
(1998) conclude susceptibility to disorientation occurs in the general population, and this 
susceptibility likely explains susceptibility to motion sickness.  
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Together, these studies indicate a trend in the literature towards characterising motion 
sickness as a disorder of motion in space. In a recent study, Stoffregen (2012) describes 
motion sickness as a "transient motion disorder". Takahashi et al.'s (1995) theory is 
compatible with that of Stoffregen and Riccio's (1991) as they both posit that degraded 
control results in motion sickness. Takahasi et al. (1995) goes further to suggest that the 
symptoms of motion sickness are adaptive, acting as a warning system. Both theories 
implicate control of posture as the central cause of motion sickness. The main difference 
is that Stoffregen and Riccio (1991) regard the instability as the cause of motion 
sickness, whereas Takahashi et al. (1995) regard disruption to control as the cause of 
motion sickness, instability is an inevitable and lawfully related consequence of that 
disruption.  
3.6.6 Critiques of and limitations of Postural Instability Theory 
Some studies have presented results that fail to support PIT. Akiduki, et al. (2003) used 
Virtual Reality (VR) to distort the relationship between proprioception and motion 
presented in the head mounted display. In the experimental condition, head turns were 
presented visually at twice the rate of the participants tracked head movements, finding 
that reports of nausea preceded changes in postural sway. The authors conclude that 
motion sickness causes sway, not vice versa. Bos (2011) found postural instability could 
increase despite decreases of reported motion sickness. Flanagan et al. (2002), in an 
elaborate series of studies, manipulated stability and sensory conflict and concluded that 
sensory conflict accounted for more variation in the incidence of motion sickness than 
instability. The paper however incorrectly characterises sensory conflict as a mismatch of 
visual and vestibular information, failing to take into account conflict must relate to prior 
experience, and is therefore not actually sensory conflict. Riccio and Stoffregen (1991) 
hypothesise that postural support should reduce the incidence of motion sickness, 
therefore, motion sickness should be difficult or impossible underwater. However, there 
are reports of divers becoming motion sick and even vomiting underwater (Mebane, 
1995). Similarly, Warwick-Evans et al. (1998) showed that seated participants were no 
less likely to suffer motion sickness than standing participants.  
The characteristics of postural motion that induce motion sickness are not clear, i.e. 
variability, range of motion, magnitude of motion, self-similarity, or some combination 
(Dong et al., 2011). No studies have tested whether higher magnitudes of sway induce 
80 
more severe symptoms of motion sickness or a faster onset of motion sickness. No 
studies have investigated the relationship between habituation (adaptation) and postural 
instability. A study could potentially incrementally increase the magnitude of motion 
slowly over time to habituate participants (as in Graybiel and Knepton, 1976), which 
would presumably also lead to decreases in variability of sway and would provide a 
convincing demonstration of the relationship between body sway and motion sickness.  
While studies such as Stoffregen et al. (2010), Mayo et al. (2011) and Dong et al. (2011) 
have shown that control over motion characteristics can reduce motion sickness, few 
studies have attempted to determine what those control strategies are. For example, 
Fukuda (1975) observed that a head rotation in the direction of rotation reduces the 
severity of motion sickness. Presumably, other strategies exist at the micro-level which 
are not easily observable. Detecting the systematic compensatory strategies used to 
counter motion might be able to differentiate 'well' participants from 'sick' participants. 
Where body sway has a low α, that is, shows ordered characteristics, perhaps the 
underlying control strategy can be extracted and understood.   
It is unknown how postural instability relates to sopite syndrome. If sopite syndrome 
caused by the same mechanism as motion sickness, and not a separate condition, then it 
would be expected that instability would precede symptoms such as tiredness. If 
however tiredness could occur in the absence postural instability, it would support the 
differentiation of sopite syndrome and motion sickness.  
3.6.7 Postural Instability Theory vs. Sensory Conflict Theory 
Given the significant limitations of SCT, low predictive validity, lack of falsifiability, and 
questionable assumptions about perception, one should be cautious about studies that 
unquestioningly support SCT without any acknowledgement of its limitations. While PIT 
is more parsimonious with respect to perception and action, and supported by many 
empirical studies, the lack of a defined set of sway characteristics that produce motion 
sickness in all cases, limit the theory. Chapter 4 discusses how an understanding of the 
predictions and limitations of these theories and might advance the understanding of the 
effects of tall building motion on occupants.  
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3.6.8 Other theories of motion sickness 
Other less established theories of motion sickness exist. Ebenholtz, Cohen and Linder 
(1994) posit that the vestibular ocular reflex causes motion sickness, produced by 
changes in visual stimulation. Eisenman (2009) theorises that vestibular stimulation 
produces acetylcholine, which induces motion sickness, introducing a feedback loop, 
producing further quantities of acetylcholine. Scherer et al. (1997) proposes that differing 
sizes of the left and right otoliths might be responsible for motion sickness. While mainly 
limited to space sickness, Parker (1977) proposes the 'fluid shift hypothesis' where the 
movement of fluids from mid- to lower portions of the body toward the head causes 
motion sickness.   
3.7 'Why' theories of motion sickness 
Most of the previously described research has focused on the identifying the types of 
environments where motion sickness can occur, but do not explain why motion sickness 
is characterised by nausea and vomiting (with the exception of Takahashi et al., 1995). 
3.7.1 Toxin detector theory 
Treisman (1977) proposed that motion sickness is the body's safety mechanism to detect 
the ingestion of a toxin. Under conditions of motion, the body misinterprets unusual 
sensory information as a potentially ingested toxin, which the body attempts to expel. 
Morrow (1985) found that highly motion sickness susceptible individuals are also more 
susceptible to the effects of toxins and chemotherapy. Money and Cheung (1983) 
observed that after vestibular ablation, animals were less sensitive to toxins, both studies 
supporting Treisman's (1977) hypothesis. The occurrence of nausea that does not lead 
to vomiting, and the variety of other symptoms that accompany motion sickness is not 
adequately explained by Treisman's (1977) theory.  
3.7.2 Negative reinforcement theory  
An alternative theory is that motion sickness is adaptive, and serves a protective function 
for the human / animal. Reason and Brand (1975) suggests that motion sickness is 
analogous to pain, suggesting that nausea alerts an individual to unusual motion, the 
same way that pain functions to alert the body to potentially harmful stimuli; similarly to 
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Takahashi et al's (1995, 1997) "warning system". Bowins (2010) suggests similarly, that 
motion sickness occurs as negative reinforcement to help an organism avoid 
environments that cause sensory conflict or postural instability, as either could be a 
legitimate threat to the individual’s survival. Bowins (2010) suggests that his 'why' theory 
fits comfortably within either both PIT and SCT, as postural instability might signal 
weakness to predators, or instability might indicate that the environment is dangerous, 
e.g. traversing a steep slope. Or, in the case of SCT, when motion is greater than 
expected, motion sickness might signal a dangerous environment or an ingested toxin. 
Such an inbuilt mechanism would help the organism avoid potentially dangerous 
environments, as they would have a classical conditioned aversion to those 
environments based on prior experience, potentially explaining the anxiety associated 
with motion sickness. Bowins (2010) argues that his theory accounts for the escalation of 
symptoms with both severity of motion and duration of exposure, and the rapid cessation 
of symptoms and relief upon exit from the nauseogenic environment. Bowin's (2010) 
theory, while accounting for the rapid cessation of some symptoms, other symptoms can 
potentially have a delayed onset (e.g. Stoffregen et al., 2010), which conflicts with the 
notion of immediate feedback.  
The dominant explanation for motion sickness appears to be sensory conflict theory / 
toxin detector theory. A reductive approach dividing the 'why' and 'how' of motion 
sickness is less parsimonious, therefore a preferential theory should attempt to explain 
both, for example Takahashi et al's (1995) theory. 
3.8 Susceptibility to motion sickness 
There is a large amount of variation in individual susceptibility to motion sickness. 
Females are on average more susceptible to motion sickness. Infants below the age of 
two are practically immune to motion sickness, but susceptibility increases from 2-12, 
sharply reduces up to about 21, then slowly reduces to about 50, and is reportedly rare 
past 50 (Reason & Brand, 1975). Reason and Brand (1975) suggest that there are three 
components to susceptibility to motion sickness; one, a general propensity to be affected 
by motion sickness, two, the ability to habituate to motion, and three, the ability to retain 
that habituation. Predicting susceptibility to motion sickness is useful, particularly for 
military applications. It also has benefits for research purposes, proving an objective 
metric to compare the relative susceptibility of individuals. There are two main methods 
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to assess an individual's susceptibility to motion sickness; exposure to actual motion 
environments and questionnaires.  
Investigators created questionnaire-based measures of susceptibility to circumvent the 
need for costly swings or motion simulators to measure an individual's actual response to 
motion. Surveys have the additional benefit of the response to motion over a much longer 
period than motion tests (Reason and Brand, 1975). Reason and Brand (1975) state that 
surveys are not sufficiently accurate to make fine-grained distinctions between relative 
susceptibility of individuals, instead they are more apt to separate people into broad 
categories. Reason (1968) created one of the first surveys, the Motion Sickness 
Susceptibility Questionnaire (MSSQ), designed to measure susceptibility. The basic form 
of the survey assessed individuals' exposure to and reported motion sickness from 9 
known nauseogenic environments (e.g. cars, boats, funfair rides), for both as a child and 
as an adult. 'Norms' provide the mean and expected variation for a population or 
subpopulation based on a large number of measurements for a particular variable. 
Golding (1998) provided updated norms for Reason and Brand's (1975) questionnaire, 
condensing and simplifying the scoring system while still correlating highly with the 
original survey (r = .99). In 2006, Golding shortened the survey from 54 to 18 items, while 
retaining a correlation of .93 compared with the long form MSSQ. The short-form MSSQ 
scores correlated at r = -.43 with reported time to nausea using a laboratory motion 
device. This thesis uses the MSSQ as the primary measure of susceptibility to motion 
sickness.  
3.9 The effects of motion sickness on performance 
Kennedy et al. (2010) suggest that impaired postural and hand-eye coordination, 
including sopite syndrome, are less well-known and typically neglected symptoms that 
can have more serious consequences than classic symptoms of motion sickness. In 
terms of health and safety, fatigue and drowsiness can have insidious effects. As 
discussed earlier, motion sickness and/ or sopite syndrome can result in impaired 
performance in paramedics (Wright et al. 1995). Many studies have examined the effects 
of motion and motion sickness on performance. Stevens and Parsons (2002) review 
many studies that examined the effect of ship motion on crewmembers and conclude that 
ship motions can interfere with fine task performance, but the results are not consistent. 
For example, McLeod et al. (1980) found that motion disrupted tasks that require intricate 
84 
control such as tracing a shape, but tasks that had a larger margin of error, such as key 
pressing, were unaffected. Haward, Lewis, and Griffin (2009) collected data from 47 crew 
members working on a floating storage and production facility over 5 months, collecting 
1704 structured diary entries. The investigators compared the diary information with 
accelerometer data. The main reported problems were balancing, moving and carrying 
items, sleeping difficulties, tiredness, cognitive and task performance, and symptoms of 
motion sickness. The magnitude of motion moderated the above effects. The study did 
not include objective performance measures.  
Pisula, Lewis, and Bridger (2012) surveyed crewmembers aboard three instrumented 
navy ships. Seventy-eight crewmembers completed 779 daily diaries over a period of 
105 days. Survey items were factor analysed into four main categories, 'cognitive effects' 
'physical effects', 'motion sickness' and 'food consumption'. However, some items were 
included in inappropriate categories, e.g. stomach awareness in 'cognitive effects' 
suggesting a problem with the factor structure. Ship motion correlated the most highly 
with physical effects, followed by cognitive effects. Effects of motion most strongly 
correlated with vertical motion, followed by motion in the roll axis. Reported physical 
effects increased in likelihood when vertical accelerations exceeded 45 mG, and severe 
problems increased at 90 mG. Cognitive effects also increased significantly at 45 mG, 
but some cognitive effects occurred as low as 10 mG, a similar magnitude to that 
observed in tall buildings.  
Muth et al. (2006) examined the effect of unpredictable motion on task performance 
using ‘uncoupled motion’ where one type of motion is nested within another. Participants 
played a driving video game, requiring them to navigate a series of narrowly space cones 
within a set time in one of two conditions; inside a real moving vehicle or in a stationary 
vehicle. Participants in the motion condition showed poorer performance than in the 
stationary condition, and reported higher levels of motion sickness, though it was unclear 
whether the degradation was the result of interference of motion or secondary effects of 
motion sickness.  
In an extensive review, Wertheim (1998) states that there is limited evidence for the 
direct effects of motion on cognitive tasks. Secondary effects of motion sickness-induced 
reductions in motivation, balance and fatigue are more likely to impair performance. 
Wertheim (1998) does however suggest that motion might affect mental load. As 
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indicated earlier in the chapter, recent studies have shown a relationship between 
motion-induced challenges to posture and cognitive performance (Anderson , Yardley & 
Luxon, 1998; Andersson et al., 2002; Chong et al., 2010; May, Tomporowskui, & Ferrara, 
2009; Mersmann et al., 2013). 
3.10 Summary 
Motion sickness is a complicated problem. Motion sickness has behavioural components 
as well as physiological, requiring a multidisciplinary approach to its study. This has often 
led to a fragmentation of the literature due to differing approaches, and an incomplete 
awareness of all motion sickness research. Researchers understand relatively little about 
early onset symptoms of motion sickness, such as sopite syndrome. Investigators often 
examine motion sickness without a clearly defined theory, leading to a large volume of 
research cataloguing characteristics that provoke motion sickness, but are confounded 
by many other variables. For example, differing susceptibility of participants, differing 
types of motion (random / sinusoidal), different directions of motion (pitch, roll, and yaw, 
and all possible combinations of linear and angular accelerations), which becomes 
difficult to retrospectively reconcile these characteristics into cohesive theories.  
Despite these challenges and limitations, there are many compelling and consistent 
findings in the motion sickness research literature. Motion sickness can occur due to real 
or apparent motion, but only at very low frequencies. Motion sickness becomes more 
likely at higher accelerations, and increases as the motion type becomes more 'stressful' 
(i.e. uni-axial motion is less stressful than cross-coupled angular acceleration). The 
response to motion is moderated by individual susceptibility to motion sickness, duration 
of exposure, habituation and behaviour in that environment. Motion of a low severity is 
likely to produce sopite syndrome before frank motion sickness, which may only progress 
in susceptible individuals.  
Researchers contend the cause of motion sickness. Given the significant theoretical and 
predictive limitations of SCT, alternative theories are preferable. A limited understanding 
of human perception further complicates the theoretical debate over motion sickness. 
Alternative theories such as PIT, incorporate the influence of individual behaviour and 
attempt to use body sway as a measurable predictor of motion sickness. The following 
chapter discusses the implications these theories for tall-building occupants.  
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Chapter 4  
Methodology: Measuring the occupant response  
to wind-induced building motion 
Traditionally, studies of motion sickness, and indeed studies of occupant comfort, have 
focused on extreme responses to motion. Presumably, because symptoms such as 
nausea are more salient and simpler to measure than more subtle early onset symptoms 
such as tiredness, low motivation and other symptoms of sopite syndrome. When early 
onset motion sickness is considered, these symptoms are often characterised only as 
cues to impending motion sickness, and are rarely conceptualised as ‘effects’ that might 
have consequences, for example, on work performance. This chapter applies the 
characteristics and theories of motion sickness described in the previous chapter, and 
discusses how these might inform the occupant response to tall building motion (Chapter 
2). This chapter first examines how a dose-response model might generate novel 
hypotheses about the occupant response to motion. The potential for building motion to 
affect the work performance of actual building occupants is unknown. This chapter 
discusses and defines work performance and discusses measurement issues. The 
chapter concludes with a discussion of the general methodology used in the thesis.  
4.1 A dose-response model of motion sickness 
Walton, Lamb and Kwok (2011) propose the application of a dose-response model to 
studies of tall building, shown in Figure 4.1. Tall buildings are an example of a ‘low-dose’ 
environment as the accelerations imposed on occupants are much lower than produced 
by ships or roller coasters, which often induce high-level symptoms such as vomiting. 
Therefore, in low-dose environments, low-level or prodromal responses may have a 
higher incidence than symptoms like vomiting. Sopite syndrome is one category of the 
prodromal response characterised by tiredness, fatigue, mood, low motivation and 
headaches (Graybiel & Knepton, 1976) and is known to occur in low frequency, low 
acceleration environments (see Chapter 3). Studies have used dose-response models 
examine motion sickness aboard ships using the magnitude of motion, the dose, to 
estimate the probability of vomiting (ISO 2631, 1997). It is expected that building 
occupants exposed to sustained motion will be affected by low-dose motion sickness 
regardless of whether that motion is perceived or not.  
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Figure 4.1. Hypothetical dose-response models in nauseogenic environments (reproduced from 
Walton, Lamb & Kwok, 2011) 
Quantifying a ‘dose’ of motion is complex. While some relatively simple standardised 
measures exist (see Motion Sickness Dose Values, ISO 2631, 1997), no comprehensive 
measures exist that account for all potential contributing characteristics including, 
acceleration (g’s), exposure (minutes), frequency (Hz), waveform (sinusoidal vs. 
random) and susceptibility to motion sickness (e.g. MSSQ scores). Engineers have long 
debated whether r.m.s. or peak accelerations are a more appropriate measure with 
respect to the occupant response (see Boggs, 1995). R.M.S. accelerations (or average 
acceleration) is likely a better measure of overall exposure to motion than peak 
acceleration (i.e. the size of the single largest cycles). Studies of sailor's performance at 
sea use r.m.s. accelerations (Pisula, Lewis, & Bridger, 2012), presumably because 
exposure to motion is more applicable than the perception of motion.  
4.1.1 Misattribution of the low-dose symptoms of motion sickness to other 
factors 
Nearly 40 years ago, Reed, Hansen and Vanmarcke (1972) suggested, “The [building] 
motion may not be physically perceived, but will unconsciously make a person 
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uncomfortable after several hours duration” (p. 690). However, no studies have tested 
this in occupants of actual tall buildings. Walton, Lamb and Kwok (2011) argue that 
normal work stress and fatigue may mask low-dose symptoms of motion sickness, and 
occupants may misattribute these symptoms to factors other than building motion 
because these symptoms can occur often and for a variety of reasons. Walton, Lamb and 
Kwok (2011) hypothesise that these prodromal symptoms may occur below the threshold 
of motion perception. Stoffregen et al. (2010) observed that participants in a moving room 
experiment began felt motion sick, despite being unable to perceive that the room was 
actually moving. A classic series of studies by Nisbett and Wilson (1977) showed that the 
relationship between an individual and a potentially behaviour-changing stimulus is 
complex, and can fit into one of three categories. First, a stimulus affects an individual, 
but they have no awareness of the existence of that stimulus. Second, the individual is 
aware of the stimulus, but not conscious of the response the stimulus provoked. Third, 
the individual is aware of the stimulus, and conscious of their response. Walton, Lamb 
and Kwok (2011) suggest that in some cases individuals will not be aware of building 
motion, or that it induced low-dose symptoms of motion sickness. In other cases, building 
occupants might be conscious of motion, but not the induced symptoms.  
4.1.2 Low-dose effects and work performance 
Few studies examine the effects of low-dose motion sickness on work performance. 
Graybiel and Knepton (1976) found that exposing recruits exposed to motion 
continuously, increased tiredness and lowered motivation so that they were unable to 
complete their assigned tasks. It is unlikely that building motion will have a similarly 
strong effect on occupants. Wright et al. (1995) found impaired cognitive performance in 
77% of emergency workers following transport by helicopter or ambulance, lasting for an 
average of 31 minutes after exposure to motion ceased. It seems reasonable to expect 
that comparable, but perhaps more subtle, effects might be observed in tall buildings 
occupants. 
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4.2 Theories of motion sickness and their implications for occupants of 
wind-excited tall buildings 
Studies of building motion rarely consider theories of motion sickness. Tall building 
motion is a unique context for studying motion sickness, as building accelerations are 
typically very low and motion is always translational with no vertical component. An 
incomplete understanding of what causes motion sickness necessarily limits the extent to 
which building designers can accurately construct buildings to minimise motion sickness. 
Chapter 3 presented competing theories of motion sickness. The dominant theory of 
motion sickness, Sensory Conflict Theory (SCT) (Reason & Brand, 1975; Reason, 1978; 
Oman, 1982), proposes that incongruent or ‘conflicting’ sensory inputs cause motion 
sickness. Conflict is usually between visual and vestibular sensory inputs. Stoffregen and 
Riccio (1991) reject SCT because ‘conflict’ requires some internal comparison that 
cannot be verified nor measured. Riccio and Stoffregen (1991) propose an alternative 
theory that motion sickness is the result of prolonged postural instability (PIT) caused by 
low-frequency motion in the range that natural body sway occurs. A similar theory, 
proposed by Takahashi et al. (1995), suggests disorientation causes motion sickness, 
preceded by postural instability. Both of the latter theories emphasise that postural 
instability is necessary to induce motion sickness. Consideration of these theories 
provides a new framework for exploring the potential effects of building motion on 
occupants. 
SCT and PIT differ in their predictions about how building motion will affect occupants. 
SCT posits that vestibular and proprioceptive cues to motion in the absence of visual 
cues cause conflict and therefore motion sickness. Alternatively, the perceived motion of 
distant buildings could visually induce motion sickness, but this seems less likely as 
occupants are unlikely to look out the window for extended periods. Under SCT there is 
no behavioural component to motion sickness (Stoffregen & Ricco, 1991), where 
adaptation to motion is thought to occur automatically as expectations are adjusted to the 
new environment, so no behavioural adaptation is necessary.  
PIT would predict that low-frequency building motion would interfere with natural body 
sway, destabilise posture, and if sustained, induce motion sickness. Where SCT would 
classify real motion in the absence of apparent motion as ‘conflict’, PIT would 
characterise sensory information as veridical. The lack of apparent motion, signals that 
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the occupant is stationary with respect to the building, but the building is moving. The 
absence of visual cues during the random motion characteristic of tall buildings would 
force building occupants into ‘compensatory’ rather than ‘anticipatory’ postural 
responses to maintain balance, akin to vehicle passengers in cars (e.g. Dong, et al., 
2011). PIT, and all other ecological theories of behaviour, consider individuals as active 
in their environment, and changes in the environment influence behaviour. Under SCT, 
no prediction is made regarding the behavioural response to motion, whereas PIT 
characterises people as active in their attempt to resolve postural instability by either 
learning an appropriate control strategy to reduce instability, or avoiding the motion 
environment. Therefore, building occupants may attempt to reduce their discomfort by 
changing their environment, likely reducing their exposure to motion by taking more work 
breaks outside their building. Such behaviours are measureable. One would also expect 
that building occupants would display changes in postural activity during building motion. 
Individuals are usually conceptualised in the engineering literature as little more than 
passive detectors of motion, and are only considered ‘active’ in terms of potential 
complaint behaviour.  
Theories of motion sickness have other implications for building occupants. Takahashi et 
al. (1995) and Bowins (2010) posit that motion sickness is an adaptive response that 
signals potential danger to an individual. If true, one would expect occupants to judge 
building motion as unpleasant or aversive. Therefore, studies of occupant comfort could 
include subjective measures of comfort to test this hypothesis.       
Burton et al. (2006) is one of the few studies to relate building motion to a theory of 
motion sickness, showing that building motion magnifies body movement. This gives 
occupants the false impression that buildings are moving in the distance, where 
individuals are actually moving with respect to the outside scene. Burton et al. (2006) 
suggests that participants “misinterpret sensory information” (p. 302) leading to motion 
sickness, implying SCT in the misinterpretation of sensory information.   
Riccio and Stoffregen (1991) argue that while instability occurs, performance continues 
in a reduced capacity, though it is unclear whether the performance degradation is due to 
mechanical interference, motion-induced fatigue, or secondary effects of motion 
sickness. Some studies have shown that cognitive performance degrades during 
balance tasks (Anderson, Yardley & Luxon, 1998; Andersson et al., 2002; Chong et al., 
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2010; May, Tomporowskui, & Ferrara, 2009; Mersmann et al., 2013) , but whether that 
extends to small postural compensations that might occur in tall buildings is not known. 
Presumably strong motion should affect delicate tasks, such as surgery, but to what 
extent postural compensation affects cognitive tasks is unknown. 
4.2.1 Support for postural instability theory in the engineering literature 
Several studies in the engineering literature provide some support for PIT. Noguchi et al. 
(1993) showed that body sway changed as a function of the type of imposed motion in a 
simulator. Bi-axial motion had a significantly larger effect on participants’ balance than 
un-axial movement, where bi-axial motion introduced imbalance in both the 
anterior-posterior and medio-lateral axes, shown in Figure 4.2. Despite sway closely 
following the pattern of imposed motion, participants were poor at reporting the shape of 
motion, often mistake elliptical motion for lateral motion, suggesting that people are 
largely unaware of the effect of imposed motion. Noguchi (1993) however was not 
examining sway with respect to motion sickness, rather to determine whether different 
types of motion were easier to perceive and whether they affected balance.    
 
Figure 4.2. The effect of four types of motion on body sway, shown as a scratch-plate-like scribble 
shown between the feet (reproduced from Nogushi et al., 1993) 
Burton (2006) examined the effects of building movement on body movement by placing 
accelerometers on each participant's torso and head. Figure 4.3 shows that Burton 
(2006) observed an increase in torso accelerations within the range of natural body sway. 
Kojima, Goto and Yamada (1972, in Japanese, cited in Council for Tall Buildings and 
Urban Habitat, 1998) found a similar pattern of response, where motion magnified body 
sway at the waist by a factor of 1.9, and head sway at a factor of 2.4. While Burton et al. 
(2006) were not attempting to examine body movement in the context of PIT, these 
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findings do illustrate that postural activity does change within the frequencies that occur 
in tall buildings. Burton et al. (2005) speculates, again not in relation to PIT, that 
participants subjected to sinusoidal motion had a lower incidence of motion sickness 
because they had “greater control of the vibration characteristics” (p. 7) during sinusoidal 
motion than random motion. The implication being that stability may reduce the incidence 
of motion sickness.  
 
Figure 4.3. Torso and head accelerations in response to accelerations across frequency in the 
fore/aft and lateral directions (reproduced from Burton, 2006) 
4.3 Work Performance 
No study has investigated the effect of building motion on the work performance of actual 
building occupants. In the engineering literature, and other literatures for that matter, 
work performance is often poorly conceptualised. Broadly, ‘work performance’ describes 
the general activities conducted by employees in organisations. The engineering 
literature has investigated some types of goal-directed activities, but these are tasks 
designed to mimic actual work performance, here termed ‘task performance’. One can 
then divide task performance into 'physical task performance' and 'cognitive task 
performance'. Physical task performance includes tasks with minimal cognitive input, 
such as needle threading (Irwin & Goto, 1984) and water pouring tasks (Goto, Iwasa & 
Tsurumaki, 1990). These studies aim to establish whether vibration interferes with an 
individual’s ability to complete the task, with accuracy and time to completion as the usual 
dependent measures. Cognitive performance tasks are those that rely on mental ability, 
e.g. memory, maths, verbal reasoning and spatial awareness. In these tasks, physical 
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performance is usually limited to the act of responding to a stimulus, a mouse click for 
instance. The relationship between vibration and the potential to interfere with physical 
task performance is clear, imposed motion may increase the difficulty of some tasks. 
However, there is less theory and evidence that motion will directly affect cognitive 
performance. Riccio and Stoffregen (1991) suggest that postural instability is unlikely to 
affect cognitive performance over short durations of exposure, which supports many 
studies that have failed to show any type of performance deficit (Burton et al., 2011; 
Denoon et al., 2000; Jeary, 1988; Morris et al., 1979). If building motion does affect 
performance, it may be the result of motion sickness-induced performance deficits, which 
may only occur due to long-duration exposure to motion.  
Task performance tests, both physical and cognitive, attempt to replicate conditions of 
actual work performance. However, work performance is difficult, or maybe impossible, 
to replicate in a motion simulator. True work performance is often characterised by 
complex and novel tasks and intrinsic motivation to complete those tasks, which workers 
may perform for up to and in excess of 8 hours. Changes in motivation, boredom, mood, 
work stress and personal stress might also affect work performance. Further, individuals 
are likely constrained in their ability to leave their work environment for extended periods, 
unlike motion simulator studies where they can leave at any time. The above factors may 
be necessary for secondary effects of motion sickness to occur. Performance 
degradation might not occur unless occupants are exposed to long durations of motion, 
and have the opportunity for boredom, mood and motivation factors, those factors usually 
associated with low-dose motion sickness. These symptoms might occur less frequently 
in artificial motion simulator studies. This may be particularly important because it is 
unknown whether motion can directly affect performance, or whether secondary factors 
such as motion sickness (low and / or high dose) degrade work performance. For 
example, Denoon et al. (2000) exposed participants to 8 hours of continuous motion, 
however, the researchers failed to observe any task performance degradation due to 
motion. This may have been because the tests were too easy, or because participants 
were only required to perform the tests for a short period. Compensatory behaviours, 
such as taking longer breaks or talking to colleagues, could not occur in simulator 
studies. This is possibly the reason no studies have observed systematic performance 
degradation in motion simulators, because there is no opportunity for true secondary 
effects of exposure to motion or compensatory behaviours to occur.  
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4.3.1 Measuring work performance 
‘Productivity’ and ‘performance’ are often confused (Tangen, 2005). Productivity refers to 
the transformation of inputs into outputs, with regard to the efficiency of that process 
(Tangen, 2005). For example, producing a greater number of units from the same or 
fewer inputs represents an increase in productivity. However, this leads to the difficulty of 
equating the relative contribution of different components of the transformation process, 
which Broman (2004) describes as the ‘commensurability problem’. Evaluating the 
productivity of office workers is difficult because, even if there were an objective measure 
of outputs, the relative contribution of all employees would be difficult to determine. For 
example, the productivity of a law firm might be measured by the number of trials won (in 
itself a problematic measure), but quantifying the contribution lawyers, management and 
administration at the individual level is obviously difficult.  
In comparison, work performance is more general. Performance includes factors that are 
difficult to relate directly to the process of transforming inputs into outputs, and tend to 
relate to the operation of an organisation. Viswesvaran (2001) defines work performance 
as “an abstract, latent [intangible] construct. One cannot point to one single physical 
manifestation and define it as job performance.” (p. 112). Performance is more applicable 
to office work because it does not require an evaluation of inputs to outputs. Viswesvaran 
(2001) states that 'organisational records' and 'subjective ratings' are two broad 
categories of data that investigators can use to evaluate employee performance. 
Organisation records, e.g. the volume of sales per employee, is an objective measure, 
but seemingly objective measures can be influenced by factors that are regarded as 
outside of an individual's control, e.g. an economic downturn, and are considered unfair 
criterion for performance (Ryan & Tipu, 2009). Therefore, subjective ratings of 
performance are a more accurate indicator of ‘true’ work performance. Work 
performance is a ‘construct’, or theoretical representation of something that is not directly 
measureable. The measurement difficulty here is different to that of Sensory Conflict 
Theory, where the existence of ‘conflict’ is not observable or measurable. Whereas few 
would argue work performance exists, however there is no universally agreed method to 
measure it.  
The measurement of work performance is complex (Ryan & Tipu, 2009). One of the 
important psychometric properties in Industrial and Organisational Psychology (IO) is 
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‘validity’; the extent to which an item or scale actually measures the intended construct. 
Validation of work performance measures is challenging because there is no single 
objective criterion to establish validity. However, the convergence of several measures 
can provide a good measure of performance. This can be achieved by calculating 
correlations between ratings of performance from different sources, for example between 
self-assessments and supervisor ratings. Self-reported work performance ratings have 
been shown to correlate well with supervisor ratings at r = .64 (Higgins et al., 2007). Ryan 
and Tipu (2009) showed that self-reported academic performance correlated well with 
objective measures of performance. In many scenarios, however, self-reported 
measures are the only practically available measure of work performance (Pransky et al., 
2006).  
Individual rating scales often use Behaviourally Anchored Rating Scales (BARS) where 
performance is judged in reference to specific behaviours (e.g. “I arrived to work on time 
yesterday”) which have been found to have improved validity over abstracts concepts 
(e.g. “I rate my work performance as excellent”) (Smith & Kendall, 1963). Most rating 
scales use absolute evaluations of performance, however, recent studies such as Goffin 
and Olsen (2011) suggest that the use of comparative rating scales can be more 
accurate than absolute rating scales. Absolute rating scales use concrete anchors as 
references points, e.g. work performance on a scale from 'poor' to 'excellent'.  
4.3.2 Environmental effects on work performance 
Environmental 'stressors' such as thermal discomfort, poor lighting and inadequate 
workspace design can negatively affect work performance. Lan et al. (2010) states that 
finding a method, “to evaluate office worker’s productivity remains a challenge to 
ergonomists” (p. 29). Measuring Indoor Environmental Quality (IEQ), Lan et al. (2010) 
studied 21 participants, manipulating temperature (17, 21, 28 °C) to measure the 
physiological effects, including heart rate and brain activity (EEG), and subjective 
measures of mood, comfort, motivation and task-demands. Participants completed tests 
while exposed to two hours at each temperature. The investigators found that 
participants increased their effort to counter thermal discomfort and maintain 
performance, which led to a reduction in motivation due to the increased effort. Perceived 
workload and mental demand both increased at high and low temperatures. Mood and 
motivation were highly correlated and thermal discomfort induced a greater number of 
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negative emotions. The authors suggest that because individuals are highly adaptable, 
physiological and neurological measures might not reflect actual changes in 
performance.  
Hocking et al. (2001) found a similar result to Lan et al. (2010) where thermal stress and 
increased task demands led to a deterioration in performance. The authors suggest that 
thermal stress places an additional load on the ‘cognitive reserve’, and performance 
degrades when the load exceeds the reserve. Parsons (2000) states that “acting as an 
adaptive agent, humans regulate the effect of an indoor environment imposed on their 
productivity. They keep on appraising their environment consciously or unconsciously 
and choose coping strategies and self-regulate processes that are believed to be 
appropriate” (p. 35). It follows that studies of occupant comfort should attempt to 
measure both conscious and unconscious adaptations to building motion. Thermal 
comfort may affect occupants similarly to building motion, where performance 
degradation might require long-duration exposure to motion which compromises 
adaptability. 
Vischer (2007a) shows that physical environment affects both work performance and job 
satisfaction and that coping mechanisms are the human response to stress. Vischer 
(2007a) illustrates this using the habitability pyramid (see Figure 4.4). The base factor is 
‘physical comfort’, the most basic human needs, e.g. accessibility of the building and 
basic hygiene factors. The next level is ‘functional comfort’, which includes ergonomic 
and work related factors; those that support work performance. The highest level is 
psychological comfort, characterised by a feeling of belonging, satisfaction, and control 
over one’s workspace. The underlying theory is that uncomfortable or inadequate 
workspaces redirect an individual’s resources, physical or cognitive, away from work 
performance. The reverse also holds that optimal environments facilitate work 
performance. Environmental factors can clearly have an impact on comfort and 
performance by placing additional stresses on cognitive reserves, attention, or ability to 
concentrate.   
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Figure 4.4. The habitability pyramid (Visher, 2005) 
4.4 General method 
4.4.1 Research aims 
The general aim of this thesis is to understand how wind-induced tall building motion 
affects occupants and how occupants respond to those effects. The majority of the 
engineering literature has focused on perception (e.g. Kanda et al., 1994; Nakata, 
Tamura & Otsuki, 1993; Noguchi, et al., 1993; Tamura et al., 2006). Kwok et al. (2009) 
advises that serviceability criteria should address the comfort of building occupants and 
their general well-being, not only the perception of motion. Three studies in this thesis 
investigate the effect of motion on work performance, comfort, well-being and how 
individuals adapt and compensate for building motion.  
4.4.1.1 Study 1 - The occupant response to wind-induced building motion in Wellington, 
New Zealand 
The engineering literature rarely examines individual factors beyond age and gender. 
Few studies measure susceptibility to motion sickness (e.g. Burton, 2006; Michaels, 
2010). Even then, these studies rarely relate susceptibility to the reported effects of 
building motion, particularly motion sickness. The engineering literature implicitly 
assumes that the distribution of individual differences, such as susceptibility to motion 
sickness, across all floors within a tall building is random. No studies have examined 
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whether highly susceptible individuals avoid working in tall buildings, as individuals may 
choose to avoid jobs situated in tall buildings, thus avoiding potential exposure to motion.  
It is undisputed that building motion can cause motion sickness in some tall building 
occupants (e.g. Goto, 1983; Hansen, et al. 1973, Burton, 2006), however, it is unknown 
how tall building occupants are affected by early onset symptoms of motion sickness, 
such as tiredness, low affect (mood) and difficulty concentrating, symptoms that typically 
occur at low doses of motion. This study aims to determine whether tall building 
occupants experience low-dose motion sickness.  
Hansen et al. (1973) introduced the concept of ‘tolerance’ for building motion, where they 
propose formal complaints occur when building motion exceeds an individual's tolerance 
for motion. This subsequently focused research towards perception and the attempt to 
measure ‘tolerance’ at the expense of a broader range of factors. This research aims to 
redirect the focus of research away from simple tolerance in an attempt to measure other 
potentially detrimental effects of building motion, particularly comfort and work 
performance. The majority of studies in the engineering literature assert that formal 
complaint is an appropriate metric of building performance (e.g. Hansen, Reed & 
Vanmarcke, 1973; Isyumov & Kilpatrick, 1996; Michaels et al., 2013). However, data 
regarding complaint rates is scarce, and no studies have validated reports of occupant 
discomfort against complaint rates. The literature assumes that building occupants are 
able to complain if they object to building motion either directly to building owners, or 
through formal communication structures in their organisation. No studies have 
measured the extent to which occupants are willing and able to complain about building 
motion.  
Study 1 (Chapter 5) reports results from a ground-level survey investigating the 
experiences of building motion in a sample of central business district (CBD) workers in 
Wellington, New Zealand. The survey measured detailed information about reported 
building motion, including a quantification of the number of buildings where wind-induced 
motion is perceptible, the regularity of perceptible motion, and the reported effects of 
building motion. In addition, the survey measured individual differences, particularly 
susceptibility to motion sickness, occupant comfort, motion sickness, and preferences for 
work environments. Finally, the survey measured compensatory behaviours that 
occupants employ to manage their comfort, e.g. taking breaks outside the building.  
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4.4.1.2 Study 2 - An international comparison of the effects of wind-induced building 
motion  
Study 2 (Chapter 6) compares the results from Wellington to the same survey conducted 
in Sydney, Australia, which has a relatively benign wind climate. Wellington is unique 
because of its high wind speeds and high earthquake risk. Wellington buildings are 
wind-sensitive because they tend to be flexible to ensure their safety in earthquakes 
events. This study aims to evaluate the generalisability of the findings reported in 
Wellington are to other cities.  
4.4.1.3 Study 3 - A longitudinal study investigating the effects of wind-induced building 
motion on work performance and comfort  
Most engineers regard perception as the 'lowest-level' effect of building motion, and while 
some studies have attempted to investigate potential sub-perception effects (e.g. Jeary, 
1988; Morris et al., 1979), no studies have shown significant impairment to task or 
cognitive performance above or below the threshold of perception. However, there are 
few full-scale studies to validate the absence of performance effects. The interaction 
between building motion and a complex set of variables including social factors, duration 
of exposure to motion, late onset of motion sickness, work demands and other 
environmental factors that may affect actual building occupants might not be represented 
in simulator studies that fail to show performance degradation. Many investigators 
support the need for full-scale research (e.g. Isyumov, 1998; Denoon et al., 1999). 
Investigating actual building occupants is necessary as duration effects are cited as 
important by many authors (e.g. Burton et al., 2008; Isyumov, 1998; Kwok et al., 2009), 
and are difficult to replicate in motion simulators. The literature on the effects of building 
motion have largely taken a mechanistic view of the occupant response to motion and 
have not addressed the role of an individual’s behaviour with respect to motion, or 
compensatory behaviours, treating building occupants as passive to environmental 
influences. Few studies have examined the ways in which occupants might compensate 
for environmental variables.  
Study three (Chapter 7) examines the effects of wind-induced motion on office workers in 
wind-sensitive buildings over 8 months, compared with a control sample of office workers 
near the ground floor. Occupant responses to motion were repeatedly measured using 
CAPI (Computer Aided Personal Interviewing) surveys, allowing for unobtrusive access 
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to participants during work hours and over a range of wind conditions from calm to near 
gale. Where possible, accelerometers collected supporting data on building 
accelerations. The study investigates the effect of building motion on work performance, 
and performance on a standardised test of accuracy and reaction time. Study 3 
measures reported low- and high-dose symptoms of motion sickness, comfort, objection 
to motion, preference to move to another work environment, and compensatory 
behaviours.    
4.4.2 Wellington, New Zealand 
Wellington, the capital of New Zealand (NZ), has a reputation as one of the most 
consistently windy cities in the world, and motion sickness is a known problem in some 
Wellington buildings (Cenek & Wood, 1990). Wellington is therefore a suitable location 
for this research. Cook Strait separates the two main islands of NZ, and is 20 km wide at 
the narrowest point. Mountain ranges on both sides of Cook Strait funnel the 
predominantly westerly winds of the "Roaring Forties", increasing the wind speed and 
diverting the wind flow, resulting in high wind speeds in Wellington of an almost 
exclusively northerly or southerly direction (Reid, 1996), shown in Figure 4.5. Wellington 
has a high annual average wind speed of 7 m/s (at a height of 5.8 m at the airport), higher 
than other NZ centres with mean wind speeds of about 4-5 m/s (Carpenter, 2002). 
Wellington experiences gust speeds over 18 m/s (again at 5.8 m) on average 150-170 
days per year (Wellington City Council, 2001).  
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Figure 4.5. Above: Wellington city, showing the CBD and surrounding hills, which channel 
prevailing winds. Below: Wellington region showing the off-shore westerly winds that are 
channelled by the mountain ranges resulting predominant northerly and southerly winds for the 
CBD (Wellington City Council, 2012). The asterisk shows the location of the airport anemometer 
Inadequate design of Wellington buildings in the past produced wind flows dangerous to 
pedestrians at ground level. In the 1920's traffic wardens were situated at problematic 
street corners to help pedestrians, and up until the 1960s, the city council added ropes 
between lampposts to stop people being blown into traffic (Donn, 2007), shown in Figure 
4.6.  
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Figure 4.6. Left: Photograph of a boy clinging to a pole in strong winds in Wellington (1971). Right: 
Policeman escorting two women across a road on a windy day in Wellington (1959) (National 
Library of New Zealand, 2013) 
4.4.3 Earthquakes 
The Wellington CBD is located on the 'Wellington Fault', a collision-zone on the boundary 
of the Australian and Pacific tectonic plates, known for its high level of geological activity 
(GNS Science, 2011). Around 10,000-15,000 earthquakes occur in NZ per year, and 
about 150 of these are perceptible (Officials’ Committee for Domestic and External 
Security Coordination, 2007). The fault is 25-30 km below the surface and the return 
period for a large event is 500-1000 years. The last major earthquake in the region 
occurred 300-500 years ago. A number of other large faults are in the greater Wellington 
region, such as the Wairarapa Fault that caused a magnitude 8.2 earthquake in 1855 that 
severely affected the central Wellington region, producing 15m of lateral movement and 
6m of vertical movement. Land near Wellington harbour rose approximately 1-1.5m. The 
average return period for an earthquake that causes 'very strong or extreme ground 
shaking' is estimated at 150 years (Geonet, 2011). 
4.4.4 Wellington buildings and standards 
Given the potential for fatalities during large earthquakes, strict standards govern 
building design in Wellington. In 1976, regulations introduced a requirement of ductility to 
ensure that buildings are sufficiently flexible to absorb the energy of earthquakes and 
minimise structural damage to buildings (Institution of Professional Engineers of New 
Zealand, 2011). The tallest building in Wellington is 116 m (29 floors), shown in Table 
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4.1. Engineers and building designers must accommodate the demanding combination 
of high winds speeds and high earthquake risk.   
Wellington buildings codes specify that buildings should withstand a peak gust wind 
speed of 51 m/s, at 10 m above ground, higher than other cities in NZ, which are normally 
at 45 m/s. Both of which are lower than in coastal cities in Australia such as 
cyclone-prone Cairns and Darwin that have a design wind speed of 66 m/s (AS/NZS 
1170.2, 2011; Carpenter, 2002). Decreasing building stiffness and mass tends to 
moderate the dynamic response of buildings during earthquakes, the reverse of which 
may reduce accelerations due to wind, although damping always improves the dynamic 
response for both wind and earthquakes (e.g. Vickery et al. 1982). The design 
specifications with regard to the combination of stiffness, mass and damping in the 
sample of buildings in this study is unknown, though it is likely that mass and stiffness 
tend towards earthquake optimisation.    
Table 4.1. Building data for the 100 tallest buildings in Wellington (Emporis, 2012) 
 Wellington 
Maximum height 116.0 m 
Mean height 53.5 m 
Maximum number of 
floors 29 floors 
Mean number of floors 15.1 floors 
Mean year of building 
construction 1985.6 
4.4.5 General approach 
This thesis adopts an ecological approach to the investigation of occupant comfort. As 
discussed in Chapter 3, the fundamental unit of analysis in the ecological approach is the 
interaction between an individual and their environment. This approach is primarily 
concerned with how the environment supports and constrains behaviour. Preservation of 
the fundamental elements of the person / environment interaction is necessary; therefore 
studying the occupant response to real tall building motion is preferable to simulated 
motion. Studies conducted in simulators change the nature of the person / environment 
interaction For example, behaviour in tall-buildings is goal-directed due to work 
pressures and responsibilities, this also creates the opportunity for boredom, stress, and 
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a variety of other factors that are impossible to recreate in a motion simulator. Motion 
simulator studies are reductionist by nature. Tighter experimental control allows for the 
effect of one variable on another to be determined, but at the expense of maintaining a 
veridical representation of the office environment and work performance. Such an 
approach does not diminish the contribution of motion simulator research. Naturalistic 
studies and motion simulator research are complementary when used to assess the 
effects of one variable on another when a larger degree of control is required, for 
example, to assess the effects of motion dose on judgements of tiredness or 
performance. Such a research requires validation by way of full-scale studies.    
The methodological challenges faced here are similar to of studying the performance of 
sailors at sea, due to the restricted access to participants. Pisula, Lewis, and Bridger 
(2012) repeatedly surveyed sailors at sea, comparing their reported work performance 
with the actual accelerations of the ship; similar to Study 3. Despite the validity of 
real-world studies, they are also limited. Office buildings are not easily accessible to 
researchers. Obviously, permission is necessary to enter a private office space, but even 
then, there are ethical considerations to avoid interfering with an individual’s work. Given 
access to an office and workers, budgetary constraints aside, it would be possible to 
measure objectively many different variables. While this chapter has discussed the 
difficulties of measuring work performance, direct access to participants would allow the 
measurement of many objective variables that may provide convergent evidence for 
variation in work performance. A force plate under the occupants chair could measure 
the time spent at their desk, providing an accurate measure of breaks, while also 
monitoring changes in postural activity. Software installed on an individual's PC could 
measure software-based activity likely to be work-related, and activity likely to be 
associated with personal activities such as time spent on the internet. Such measures 
could indicate work performance, along with self-reports of performance to provide a 
multi-faceted approach to measuring work performance. In reality, the types of measures 
available are constrained by limited access to building occupants, therefore, indirect 
measures of occupant behaviour are the only practical alternatives. Due to the small 
amount of full-scale research, this thesis is partly exploratory. While this thesis predicts 
that low-dose motion sickness will affect building occupants, it is unknown how those 
symptoms will manifest, therefore a range of measures are included. 
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Vischer (2007b) notes the difficulty of measuring work performance and states that most 
studies use self-reported changes in performance, absenteeism, and task performance. 
Work performance is more than simple task performance, and solely mechanical 
measures are unlikely to represent work performance. This research is most concerned 
with variation in work performance, rather than attempting to measure absolute 
performance, therefore self-rated performance measures are most appropriate, as the 
measures are self-norming. Fluctuations in reported performance likely relate to real 
variation in performance. The goals of this study align with ergonomic studies that 
examine changes in performance over different conditions than the traditional Industrial 
Organisational (IO) approach where organisations are concerned with determining the 
absolute performance of their employees, with the purpose of salary changes and 
performance optimisation.  
4.4.6 Original Method 
Studies 1 and 2, were conducted as initially planned, encountering relatively few 
obstacles. However, Study 3, the longitudinal study, deviated significantly from the 
original method due to many practical challenges. This section discusses these changes 
and limitations, because they reveal the challenges associated with studying building 
motion. The initial strategy was to recruit one Wellington organisation to take part in the 
research, requiring only one accelerometer to measure all building accelerations.  
4.4.6.1 Recruitment issues, anecdotal reports, and methodological changes 
The investigators contacted organisations occupying the highest floors in the tallest 
Wellington buildings by phone to discuss participation, followed by an email and 
information sheet that summarising the methodology. Efforts to minimise the disruption to 
employees was emphasised. The investigators offered a written report on the results 
following the study.  
One organisation declined participation and acknowledged that building motion was 
perceptible in their building, and that building motion may have a negative effect on 
building occupants but were concerned that the study might direct attention towards 
building motion and create a health and safety issue that they would be obliged to 
address. All other organisations declined participation because of high workloads and 
106 
concern over the time commitment.  
In an attempt to contact the most senior positions in these organisations, the 
investigators wrote approximately 40 letters to CEOs and board members, receiving only 
three replies. One organisation reported perceptible building motion, but their 
organisation was too small to participate. A second organisation expressed interested, 
but were soon to move to another office. The contact in this organisation noted that after 
almost 4 years working in a particular tall building, they found the office environment 
unpleasant and the occupant preferred to avoid the office where possible, citing 
weekends and work travel as significant forms of relief. The third response was from a 
building owner who indicated that they were prepared to consider the instrumentation of 
their building under the agreement that the investigators would not contact the building 
occupants.  
Discussions with occupants of tall buildings revealed several notable comments. One 
contact reported that co-workers in a previous workplace took motion sickness tablets to 
relive symptoms of nausea. Another contact described building movement as “eerie”. In 
another building known to be wind-sensitive, one employee stated that the building 
“definitely moves” even at mid-level floors. Other contacts reported that motion was not 
perceptible even on the windiest days, despite other contacts in the same building 
indicating that motion was clearly perceptible. In another wind-sensitive building, one 
contact reported that the top floors were unoccupied and that they had been unoccupied 
for a significant period, presumably deemed uninhabitable because of building motion. 
While this initial approach was ultimately unsuccessful, the process confirmed that 
wind-induced building motion was perceptible in many tall buildings in Wellington.   
4.4.6.2 Changes due to recruitment issues 
It became increasingly apparent that recruiting all participants from one organisation was 
not viable. An alternative approach was devised to use the ground-level survey as a 
recruitment tool for the longitudinal study. Instead of all participants working in one 
building, the study could include participants spread across a large number of buildings. 
Such an approach would preclude the use of expensive and specialised accelerometers. 
The use of commercially available, cost-effective, simple to use, and self-logging 
accelerometers, enabled the collection of acceleration data in a large number of 
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buildings (see Chapter 7 for specifications). The alternative method had the additional 
benefit of improving generalisability of the study because the motion was no longer 
specific to one building and one type of organisation.  
4.4.6.3 Permission to instrument the buildings and methodological changes 
As part of the longitudinal study recruitment process (described in detail in Chapter 7) 
potential participants were given a brochure about the study methodology, and asked to 
discuss participation with their manager to ensure they were aware of the study and 
purpose. One participant contacted their manager, who contacted the building owner 
seeking their opinion on the study. The building owner was “adamantly opposed” to the 
instrumentation of their building. The participant remained in the study, but there without 
the instrumentation of their building. Seven other participants in the same building had 
already agreed to participate in the study, and remained in the study, but without the use 
of accelerometers. The intended sample size was small, at about 25, due to the demands 
of measuring accelerations in many buildings. Once it was no longer possible to collect 
acceleration data for all participants, it was preferable to recruit a larger and therefore 
more reliable sample. The use of a referral technique provided additional study 
participants, yielding a sample of approximately 50 participants in tall buildings.  
4.4.6.4 Human Ethics Approval 
The UWS Human Ethics Committee granted approval to conduct these studies prior to 
data collection (approval number: H9162).  
4.5 Conclusions 
Building motion is characterised by low-acceleration vibration which may induce 
low-dose or early onset symptoms of motion sickness such as sopite syndrome 
(tiredness, low affect, low motivation) than high-dose symptoms such as nausea. While 
high-dose symptoms might be obvious to occupants, this thesis hypothesises that 
building occupants will misattribute low-dose symptoms to normal work stress and 
fatigue. Considering theories of motion sickness reveals untested potential responses to 
building motion. PIT posits that the absence of visual cues during random motion 
characteristic of tall buildings would force building occupants into ‘compensatory’ rather 
than ‘anticipatory’ postural responses to motion, which may destabilise posture and 
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induce motion sickness, or interfere with work performance. This is consistent with other 
observations about behaviour in motion simulators (Noguchi et al., 1993; Burton et al., 
2005). PIT theory also predicts that individuals will actively attempt to adapt to building 
motion, which could lead to measurable changes in behaviour, such as taking more work 
breaks.  
The activities that constitute work performance differ greatly between individuals, which 
are impossible to measure directly and compare between individuals. Therefore, this 
thesis uses self-reported measures of performance. The thesis hypothesises that work 
performance will be impaired because of secondary effects of motion sickness.   
The general aim of this thesis is to understand how wind-induced tall building motion 
affects occupants and how occupants compensate or respond to that motion. The 
majority of the engineering literature focuses on the perception of motion. This thesis 
focuses on comfort, general well-being and work performance, comprising of three 
studies conducted mainly in Wellington, New Zealand, one of the most consistently windy 
cities in the world.  
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Chapter 5  
A Ground-Level Survey of Wind-Excited  
Building Motion in Wellington, New Zealand 
Thresholds for the perception of motion are reasonably well understood (e.g. Tamura, 
2006) and previous research has established that building motion is capable of causing 
motion sickness in some occupants (e.g. Goto, 1983; Hansen, et al., 1973). However, 
individual differences, such as susceptibility to motion sickness, are seldom measured, 
and no studies have systematically investigated how occupants might adapt, or alter their 
behaviour in response to building motion. Based on contemporary motion sickness 
research (Chapter 3), Chapter 4 proposed that, within a dose-response model, low 
frequency, low acceleration motion, may induce low-dose symptoms of motion sickness 
such as sopite syndrome (increased tiredness, low motivation) in tall building occupants. 
High-dose symptoms of motion sickness, such as nausea, might be relatively rare in 
these conditions. No studies have attempted to measure low-dose symptoms of motion 
sickness in tall building occupants. The engineering literature usually characterise 
building occupants as passive detectors of building motion. As detectable building 
motion may lead to formal complaint, building designers attempt to minimise perceptible 
motion, therefore reducing the likelihood of complaint. Chapter 4 presented the 
hypothesis that building occupants are active managers of their environment and that 
they will engage in compensatory behaviours in an attempt to reduce their discomfort by 
managing their exposure to motion, for example, by taking more breaks. This chapter 
tests these hypotheses.   
Wellington is one of the windiest cities in the world (see Chapter 4), and is therefore a 
suitable location for the current study. The main purpose of this study was to collect 
detailed information from a large sample of Wellington Central Business District (CBD) 
workers’ experiences of wind-induced building motion with four main goals: (1) to gather 
detailed information about reported building motion, including symptoms of motion 
sickness; (2) to understand the effect of susceptibility to motion sickness on occupant 
comfort, and to investigate potential avoidance of working on high floors; (3) to measure 
compensatory behaviours, e.g. taking more breaks to minimise exposure to motion; (4) to 
recruit participants for the longitudinal study (Chapter 7). 
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The survey measured information about reported building motion (floor where motion 
was felt, duration of motion etc.), the effect of motion (motion sickness, and low-dose 
symptoms of motion sickness), reported compensatory behaviours, work attitudes, 
preference for work environments, formal complaint about building motion, habituation, 
and susceptibility to motion sickness. This study addresses nine hypotheses: 
H1: Highly susceptible individuals will prefer to work on relatively lower floors 
than the least susceptible individuals 
H2: Highly susceptible individuals will work on relatively lower floors than the 
least susceptible individuals 
H3: Highly susceptible individuals will report relatively higher levels of 
avoidance of motion environments than the least susceptible individuals 
H4: Reported symptoms of motion sickness will increase in number and 
severity as susceptibility to motion sickness increases  
H5: Individuals exposed to wind-induced building motion will report 
symptoms of low-dose motion sickness 
H6: Reported habituation to building motion will increase as susceptibility to 
motion sickness decreases 
H7: Judgements of the unpleasantness of building motion will increase as 
susceptibility to motion sickness increases 
H8: Individuals affected by building motion will engage in compensatory 
behaviours 
H9: Less than 5% of respondents will report making a formal complaint about 
building motion 
In addition to these hypotheses, the analyses included several exploratory 
investigations. Wellington's exposure to both high winds and frequent earthquakes 
presented the unique opportunity to compare the occupant response to different types of 
building motion. Several analyses examined the differing response to 
earthquake-induced motion and wind-induced motion.  
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5.1 Method 
5.1.1 Participants 
The investigators distributed 4,000 survey packs in the Wellington CBD between the 29th 
to the 31st of August 2011. Respondents returned 1014 completed surveys, yielding a 
response rate of 25.4%. All respondents received a coffee (tea / juice) voucher as an 
incentive. Respondents were reasonably evenly represented across gender (males = 
45.1%, N = 453; females = 54.6%, N = 548) and reported an average age of 40.3 years 
(SD = 13.04). The majority of respondents were in full-time employment (84.4%, N = 
847). Part-time workers (7.6%, N = 76), students (4.8%, N = 48), and ‘others’ (5%, N = 
51) comprised the remainder of the sample. Full-time workers predominately reported 
their occupation category as ‘professional’ (59%, N = 592), followed by ‘manager’ 
(10.7%, N = 107) and ‘clerical / administration (14.6%, N = 147). The remaining 
respondents indicated some combination of these categories. 
5.1.2 Materials 
The survey gathered information on experienced building motion, motion sickness and 
general measures of satisfaction with their current work environment. The 8-page survey 
formed a booklet to facilitate comfort and ease of use. The survey contained 95 items and 
included 3 main sections (shown in Appendix B).  
Section A assessed each respondent’s current work environment. Five items requested 
information about employment status, tenure in their current occupation, mean number of 
hours worked per week, current workplace floor, and total number of floors in the 
building. Two items examined the types of activities respondents perform during work 
hours. Three items requested information about their workspace, e.g. location relative to 
windows. Six items requested judgements of work environment characteristics (e.g. 
temperature, light, workstation comfort) on 5-point Likert scales anchored at ‘very poor’ 
and ‘very good’. Seven items examined work attitudes on 5-point Likert scales anchored 
at ‘strongly disagree’ and ‘strongly agree’, e.g. "my job is usually satisfying". Two items 
examined preferred work floor in a tall building, i.e. the lower, middle and or top third. One 
item examined potential fears or concerns about working in tall buildings. One item asked 
if there were particular buildings respondents would avoid in the future. Two items asked 
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respondents to judge their perception of a) building motion, and b) environmental quality 
compared to their perception of a ‘modern well constructed building’ on 5-point Likert 
scales anchored at ‘much worse than average’ and ‘much better than average’. One item 
asked respondents if they had ever been inside a building and felt it move (‘yes’, ‘no’, ‘not 
sure’).  
Section B requested information on experienced building motion. One item asked about 
building motion in the respondent’s current workplace. One item examined experienced 
building motion in previous workplaces, requesting information about work floor, height of 
the building, and length of employment. Judgements about the sensation of motion were 
requested on an 11-point scale anchored at 0 = ‘very pleasant’, 5 = ‘not sure / neutral’, 10 
= ‘very unpleasant’. One item examined perceived habituation to motion over time on a 
5-point scale anchored at ‘much better over time’ and ‘much worse over time’. One item 
asked how often staff discussed building motion. Two items examined complaint about 
building motion, including the person respondents complained to and why occupants 
might choose not to complain. One item requested information about strategies used to 
alleviate symptoms of motion sickness in tall buildings. Items in Burton's (2006) survey 
formed the basis of items 20 to 30 and 32 in the current survey. Four items examined the 
type of building (e.g. office, residential), duration of building motion, floor within the 
building and the frequency that motion occurs (daily, weekly, etc.). Four items requested 
information about the physical conditions regarding motion perception, e.g. sitting or 
standing. One item asked what symptoms of motion sickness they experienced during 
motion (e.g. dizziness, nausea, tiredness headache etc.). One item asked respondents 
to judge the cause of motion; wind, earthquake or other. 
Section C measured susceptibility to motion sickness and demographic items. Nineteen 
items comprised Golding’s (2006) short-form Motion Sickness Susceptibility 
Questionnaire (MSSQ). Respondents were asked to indicate how often they felt sick or 
nauseated during 9 types of activities of transportation (e.g. cars, buses, ships, 
merry-go-rounds) on 5-point Likert scales labelled: 1 = ‘not applicable’, 2 = ‘never felt 
sick’, 3 = ‘rarely felt sick’, 4 = ‘sometimes felt sick’, and 5 = ‘frequently felt sick’, both as a 
child (before the age of 12) and as an adult over the last 10 years. One item asked 
respondents to judge their susceptibility to motion sickness on a 4-point scale (1 = ‘not at 
all’, 2 = ‘slightly’, 3 = ‘moderately’, 4 = ‘very much so’).  
113 
Eleven items examined avoidance of known provocative motion environments, e.g. cars, 
ships, elevators, movies with shaky cameras, on 5-point scales where: 1 = ‘I never do 
this’, 2 = ‘I avoid this where possible’, 3 = ‘not sure / neutral’, 4 = ‘I actively seek to do 
this’, 5 = ‘I do this as much as possible’. One item identified the type of location where the 
survey was filled out (e.g. on train, car, or at home). The final six items requested 
demographic information: gender, age, experiences of large earthquakes, ethnicity, and 
occupation category. 
5.1.3 Procedure 
Five student assistants distributed survey packs in the Wellington CBD in areas with the 
highest concentration of tall buildings and high volumes of foot traffic, shown in Figure 
5.1. Local city council did not require permission to conduct the survey. The study 
targeted full-time office workers, therefore student assistants distributed surveys during 
the busiest periods of foot traffic, in the morning (7:30-9:30 am), lunchtime (11:30-2:00 
pm), and after work (4:30-6:00 pm). Assistants targeted pedestrians who appeared to 
work in the CBD.  
 
Figure 5.1. The Wellington CBD with asterisks indicating the locations where surveys were 
distributed. The oval encompasses where the majority of reported wind-induced tall-building 
motion occurred (Wellington City Council, 2013) 
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Each survey pack included a cover letter, information about participation in the study, a 
consent form, the survey instrument and a return envelope (all materials shown in 
Appendix A). A self-addressed envelope was included so respondents could complete 
the survey at their convenience. The consent form and information sheet provided all 
relevant information to allow respondents to make an informed decision about 
participation in the study. Respondents were required to complete the consent form 
before completing the survey. 
All respondents completed Section A of the survey about their current work environment. 
Respondents who had felt building motion, including those who answered 'not sure', 
completed Section B. In Section B, the survey informed respondents that the study was 
primarily concerned with wind-induced motion in office buildings, and that they should 
answer in relation to that experience if they were able. If respondents had experienced 
building motion in multiple buildings, they should respond to the most noticeable instance 
of motion. If respondents had only experienced earthquake-induced motion, the survey 
asked them to respond in relation to earthquakes. All respondents completed Section C, 
which examined susceptibility to motion sickness. Once completed, respondents 
returned the consent form and survey documents in the free-post return envelope.  
The main independent measures were the type of motion experienced (wind-induced / 
earthquake induced) and susceptibility to motion sickness. The main dependent 
measures were reported effects of motion sickness, preference for work floor, 
judgements of unpleasantness of motion. Golding's (2006) scoring schedule provided 
the formula to calculate MSSQ scores. Each response was scored as 0 = ‘never felt sick’, 
1 = ‘rarely felt sick’, 2 = ‘sometimes felt sick’, and 3 = ‘frequently felt sick’ and MSSQ 
scores were calculated with the following formula:  
 MSA = (total sickness score child) x (9) / (9 - number of types not experienced as 
 a child) 
 MSB = (total sickness score adult) x (9) / (9 - number of types not experienced as 
 an adult) 
 MSSQ raw score = MSA + MSB 
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The analysis used a variety of statistical tests including Analysis of variance (ANOVA), 
correlations, and non-parametric tests (e.g. Mann-Whitney U, Chi-square) to examine 
differences across independent measures and conducted in SPSS 20 (Statistical 
Package for the Social Sciences). Many analyses used non-parametric tests due to the 
skewed distributions of main dependent variables, violating the assumptions of normality 
required in parametric tests. 
5.2 Results 
This section begins with basic descriptive analyses exploring the types and locations of 
reported building motion. The analysis then examines the study hypotheses, focusing on 
those respondents who reported wind-induced building motion in their current and / or 
previous workplace. 
5.2.1 A note about statistics 
This is the first chapter to include frequent use of statistics, and those familiar with 
statistics may choose to proceed to the next section. Statistics primarily determine 
whether observed differences between groups (or the relationship between variables) 
are likely to be ‘real’ and not just due to chance, because of small sample sizes. For 
example, if there appears to be a mean difference between two groups but the sample 
size is small, the difference might not really represent a true difference between groups, 
instead it might just be due to random variation that occurs within a larger population. 
Significance testing gives an estimate of how reliable a reported statistic is. If a mean is 
reported significant at p < .05 (p denotes probability), then there is a 5% chance that the 
observed difference is due to sampling error and is not a ‘real’ difference that would be 
found if a larger sample was tested. A significant difference does not indicate the size of 
a difference between groups. ‘Effect size’ is an indicator of the magnitude of a mean 
difference; the proportion of the mean difference relative to the combined standard 
deviation (variation) of the two groups, called Cohen’s d. A large effect size shows that 
the independent (or manipulated) variable accounts for a large amount of the difference 
shown between two groups.  
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5.2.2 Reported Experiences of Building Motion  
The majority of respondents (84.8%, N = 851) reported they had felt building motion, 
3.3% reported they were 'not sure' (N = 33) and the remainder had not felt building 
motion (10.4%, N = 104). Table 5.1 shows the reported causes of building motion, 
building type and the location of motion perception. Reported motion occurred almost 
exclusively in Wellington and the majority of respondents felt motion in office buildings 
(83%). Overall, 41.7% of the sample reported that they had felt wind-induced building 
motion. 
Of those who reported some type of building motion, 48% was due to wind, and 59% due 
to earthquakes. These percentages included the 10.4% of individuals who selected a 
combination of 'wind', 'earthquake' and / or 'other', despite being asked to answer Section 
B based on one particular instance of building motion. Respondents stated people 
walking around inside the building, traffic and construction outside the building were the 
main causes of 'other' types of building motion. Respondents reported perceptible 
wind-induced motion in 29 different tall buildings 9 stories or taller. 
Table 5.1. Descriptive statistics for the cause of building motion, type of building and city 
Type of 
building 
motion 
% N 
 
Type of 
building 
% N 
 
Location % N 
Wind  37.6 331  Residential 12.3 103  Wellington 96.8 824 
Earthquake 48.6 428 
 
Office 83.0 696 
 Outside of 
Wellington 
3.2 27 
Wind / 
Earthquake / 
other a 
10.4 92 
 
Hotel 2.0 17 
 
   
Not sure  1.5 13  Other 2.7 23     
Other 1.9 17         
Total 100.0 881  Total 100.0 839   100.0 851 
a Respondents who indicated that building motion was due to multiple causes despite being asked 
to report about one instance of building motion, with a preference for wind-induced motion if they 
had experienced multiple types of building motion 
Table 5.2 shows the regularity of exposure to motion and building information for 
reported wind-induced and earthquake-induced building motion in Wellington offices. 
The analysis omitted 92 cases where respondents reported multiple causes of building 
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motion because responses may not have been in relation to wind-induced motion. The 
analysis also omitted three further cases because respondents indicated they worked in 
an undisclosed building taller than can be found in Wellington.  
The distribution of both building height (number of floors) and work floor were positively 
skewed (i.e. not normally distributed), therefore non-parametric tests were used in the 
following analyses. Wind-induced building motion was significantly more likely to be 
reported in taller buildings, U (1) = 15752, Z = -11.0, p < .001, and on higher floors than 
earthquake-induced motion, U (1) = 13442, Z = -12.3, p < .001. Earthquake-induced 
building motion occurred for significantly shorter periods than wind-induced motion, U (1) 
= 38569, Z = -10.8, p < .001. 
Twenty-two percent of respondents reported wind-induced motion occurring in their 
workplace at least once a week, 20% monthly, a third quarterly, and the remaining 25% 
once a year or less frequently. Earthquake-induced motion was reported significantly 
less frequently, U (1) = 12766, Z = -12.6, p < .001, with 81% of cases of reported motion 
occurring yearly or only once. Of those who reported building motion, almost 
three-quarters reported wind-induced motion in their current workplace; approximately 
half of this group also experienced the same type of motion in a previous workplace. 
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Table 5.2. Reported frequency of occurrence, duration of exposure, building height and floor for 
both wind-induced and earthquake-induced building motion in Wellington office buildings   
 
 Reported cause of building motion 
  Wind Earthquake 
  % N % N 
Frequency of exposure 
to motion 
Everyday 5.9 13 1.9 6 
Once a week 15.8 35 1.3 4 
 Once a month 19.9 44 3.9 12 
 Once 3 months 33.5 74 12.3 38 
 Once year 15.4 34 33.1 102 
 Only once 9.5 21 47.4 146 
 Total 100 221 100 308 
Motion felt in current / 
previous workplace 
Felt in current workplace 
only 
38.8 87 42.1 130 
 
Felt in previous 
workplace only 
27.2 61 20.7 64 
 
Felt in current and 
previous workplaces 
33.9 76 37.2 115 
 Total 100 224 100 309 
  M SD M SD 
Building information 
Floor where motion was 
experienced (floor) 
15.3 7 7.5 5.3 
 
Building height (total 
floors) 
19 7.1 11.8 6.2 
 
Duration of building 
motion (mins) 
82 123.4 1.8 6.7 
 
5.2.3 Susceptibility to Motion Sickness 
Golding's (2006) short-form MSSQ was the primary measure of susceptibility to motion 
sickness. Table 5.3 shows MSSQ scores for all 1014 respondents, compared with 
Golding's (1998, 2006) long and short form MSSQ norms. MSSQ scores are positively 
skewed and platykurtic (Kurtosis = -.28, Skewness = .61), indicating that high MSSQ 
scores are relatively rare. The single-item self-report of susceptibility to motion sickness 
was highly correlated with MSSQ scores, rho (991) = .74. p < .001, slightly higher than 
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Golding's (1998) observed correlation of r = .63. The current sample reported MSSQ 
scores 3.5 MSSQ points higher (.35 standard deviations) on average compared with 
Golding's (2006) norms. Females reported significantly higher MSSQ scores (M = 19.2, 
SD = 12.3) than males (M = 13.1, SD = 10.4), U (1) = 85633, Z = -8.0, p < .001. MSSQ 
scores did not vary significantly by age, rho (991) = -.06, n.s.  
Reason & Brand (1975) suggest that survey-based measures of susceptibility to motion 
sickness are not sufficiently sensitive enough to make subtle distinctions between 
individuals and are more suitable to create broad categories of susceptibility. MSSQ 
scores were split by quartile to form 4 groups, referred to as 'Low', 'Moderate-Low', 
'Moderate-High' and 'High' for analyses where an ordinal measure of motion sickness 
was appropriate.   
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Table 5.3. MSSQ scores and single item self-reported susceptibility to motion sickness in the 
Wellington survey sample and Golding's (1998, 2006) long and short form norm data 
  Ground-level data 
Wellington 
Golding (1998) 
MSSQ-Long 
Golding (2006) 
MSSQ-Short a b 
  
Single 
item 
self-report 
MSSQ 
score 
(M, 
SD) 
Single 
item 
self-report 
MSSQ 
score 
(M, 
SD) 
Single 
item 
self-report 
MSSQ 
score 
(M, 
SD) 
Self-reported 
susceptibility 
to motion 
sickness 
Not at all  
29.4% 
(N = 247) 
6.1 
(6.2) 
31% 
(N = 46) 
- - - 
 
 Slightly 
susceptible 
44.0% 
(N = 370) 
15.2 
(8.0) 
51% 
(N = 75) 
- - - 
 Moderately 
16.1% 
(N = 135) 
25.7 
(8.1) 
15% 
(N = 22) 
- - - 
 
Very much 
so 
10.6% 
(N = 89) 
34.3 
(10.1) 
3% 
(N = 4) 
- - - 
MSSQ 
scores 
Overall - 
16.42 c 
(11.6) 
- 
45.5 
(37.6) 
- 
12.9 
(9.9) 
 
25th 
percentile 
- 6.4 - 19 - 5.0 
 
50th 
percentile 
- 15 - 40 - 11.3 
 
75th 
percentile 
- 24.1 - 63 - 19.0 
a Single item stats not reported in Golding (2006) 
b Golding (2006) sample size 257 
c N = 994 
5.2.4 Perception of Building Motion 
The majority of respondents reported they initially 'felt' wind-induced building motion, 
while seated by an exterior wall or window, shown in Table 5.4. Ninety-five percent of 
respondents indicated that they spend most of their work time at their desk, working on a 
computer for a mean of 5.2 hours (SD = 1.7) hours per day.  
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Table 5.4. Respondent location, body position, and first mode of perception during wind-induced 
building motion 
  % N 
Location where motion was 
first perceived 
Near building centre 15.4 33 
Near exterior wall / window 70.6 151 
 Near building corner 13.6 29 
 Other 0.5 1 
 Total 100 214 
Body position when motion 
was first perceived 
Sitting 80.7 171 
Standing 18.9 40 
 Other 0.5 1 
 Total 100 212 
Mode by which building 
motion was first perceived 
Felt motion 79.3 165 
 
Overheard someone else 
comment on motion 
4.3 9 
 
Could see motion inside 
building 
5.3 11 
 
Could see motion outside the 
building 
6.3 13 
 Heard sounds                  4.8 10 
 Total 100 208 
Most frequent location during 
average work day 
Mostly sitting at desk 94.6 209 
 
Mostly moving around inside 
office 
5 11 
 
Mostly out of the office 
(outside building) 
0.4 1 
 Total 100 221 
 
Wind-induced building motion was significantly more likely to be felt on higher floors, U 
(1) = 17312.0, Z = -11.5, p < .001. Respondents on floors between 10 to 19 were 6.3 
times more likely to report wind-induced building motion than those between the ground 
and 9th floor, Mantel-Haenszel (1, N = 766) = 59.6, p < .001 (95% CI from 3.8 to 10.5), 
shown in Table 5.5. The likelihood of perceptible motion again increased between the 
two highest categories, where those on floors 20 and higher were 4 times more likely to 
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report building motion than those on the floors 10 to 19, Mantel-Haenszel (1, N = 257) = 
20.2, p < .001 (95% CI from 2.2 to 7.3). A Mann-Whitney U test compared MSSQ scores 
across each of the bands of respondents' current work floor to assess whether MSSQ 
scores influenced the likelihood of reporting wind-induced motion. No significant 
differences were observed between low (0-9), U (1) = 6525.5, Z = -.59, n.s., middle 
(10-19) U (1) = 3140, Z = -.79, n.s., or top (20 and above) floor bands U (1) = 439, Z = 
-.29, n.s. 
Table 5.5. The likelihood of reported wind-induced building motion based on respondents' current 
work floor category  
 
Reported 
building 
motion 
No report of 
building 
motion 
Respondents' 
current work floor  
% N % N 
0 - 9 4.6 24 95.4 496 
10-19 23.6 45 76.4 146 
20 and higher 55.7 34 44.3 27 
 
 
5.2.5 H1: Highly susceptible individuals will prefer to work on relatively lower 
floors than the least susceptible individuals 
All full- and part-time employed respondents were included in the following analysis. An 
overall effect of floor preference was found on MSSQ scores, K-W (3) = 42.5, p < .001 
(Table 5.6). Respondents who indicated a preference to work in the lowest third of a tall 
building had significantly higher MSSQ scores than those who indicated a preference for 
the top third, U (1) = 26068, Z = -5.1, p < .001. An odds ratio estimated the magnitude of 
this effect by comparing preferences for the top third of the building against the lower 
third, across the highest and lowest quartiles of MSSQ scores. Those in the highest 
quartile of MSSQ scores (the most susceptible individuals) were 3.5 times more likely to 
prefer working in the lowest third of the building than the top third, compared with the 
lowest quartile of MSSQ scores, Mantel-Haenszel (1, N = 279) = 22.7, p < .001 (95% CI 
from 2.1 to 6.0). 
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Table 5.6. MSSQ scores across building section preference  
 MSSQ Score 
Building section preference M SD N 
No preference 14.0 10.7 145 
Top section 12.8 10.2 213 
Middle section 18.4 11.0 205 
Lower section 18.5 12.7 331 
Total   894 
 
Mann-Whitney U tests examined reported fears across preferred building section. 
Respondents were significantly more likely to indicate a preference for working in a lower 
part section of a tall building when they indicated a fear of earthquakes, U (1) = 44051, Z 
= -9.3, p < .001, heights, U (1) = 25734, Z = -7.7, p < .001, elevators, U (1) = 19217, Z = 
-5.7, p < .001, or 'other', U (1) = 22811, Z = -3.9, p < .001. Fear of fires was the most 
frequently reported 'other' fear, followed by a fear of being unable to escape the building 
in an emergency, and the inconvenience of fire drills / long lift trips / waiting for elevators. 
5.2.6 H2: Highly susceptible individuals will work on relatively lower floors than 
the least susceptible individuals  
The following analysis examined respondents' current work floor across the independent 
variables of susceptibility to motion sickness and fears of tall buildings, including only 
those in full- or part-time employment. Current work floor was positively skewed (Kurtosis 
= .66, Skewness = 1.02), therefore non-parametric tests were used. Current work floor 
and MSSQ scores were not significantly correlated, rho (225) = -.04, n.s. Current work 
floor did not differ significantly between the highest (mean floor =8.1) and lowest quartiles 
of MSSQ scores (mean floor = 8.0), U (1) = 25409, Z = -.33, n.s. Fear of working in a tall 
building due to earthquakes, heights, elevators and 'other' were indicated as a ‘yes’ / ‘no’ 
response. Mann-Whitney U tests examined each reported fear, all of which were 
non-significant with the exception of a fear of heights. Those who reported a fear of 
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heights reported working on a significantly lower actual floor (M = 6.3, SD = 5.9) than 
those who did not fear heights (M = 8.2, SD = 6.3), U (1) = 44404.5, Z = -3.7, p < .001. 
Neither age, rho (917) = .01, n.s., or gender, U (1) = 102179, Z = -.67, n.s., showed any 
significant relationship with current work floor. 
5.2.7 H3: Highly susceptible individuals will report relatively higher levels of 
avoidance of motion environments than the least susceptible individuals  
Respondents rated their avoidance of 11 known nauseogenic environments, where 
lower scores indicate avoidance of a given environment, shown in Table 5.7. The highest 
and lowest quartiles of MSSQ scores were compared using independent samples t-tests 
across each environment and using Cohen's d as a measure of effect size. With the 
exception of aeroplanes and travelling in the front passenger seat, all comparisons were 
significant. For almost all environments, highly susceptible respondents were 
significantly more likely to report avoidance of motion environments than the least 
susceptible respondents. Highly susceptible individuals had mean scores of less than 3 
(the mid-point of the scale) for ships, buses, roller coasters, back seats of cars, video 
games and movies with shaky camera work, indicating that they avoid these 
environments where possible. The largest differences between high and 
low-susceptibility individuals, or the strongest effects, were for the avoidance of travelling 
in the back seats of cars, followed by ships, roller coasters and buses. The only 
environment to show the reverse trend was for car drivers, where highly susceptibility 
individuals showed a higher preference to drive than the least susceptible individuals.  
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Table 5.7. Avoidance of motion environments across respondents who reported the highest and 
lowest quartile MSSQ scores 
 Quartile-split MSSQ scores 
 Low MSSQ a High MSSQ b Sig. 
Effect Size 
Cohen's d 
Nauseogenic environment M SD M SD   
Travel boat / ship 3.28 0.88 2.62 0.83 *** .77 
Aeroplane 3.77 0.84 3.64 0.95   
Bus 3.45 0.94 2.97 0.96 *** .50 
Train 3.55 0.90 3.33 1.00 ** .23 
Rollercoaster 2.86 1.23 2.17 1.20 *** .57 
Car: Driver 3.72 1.15 4.02 1.21 ** .25 
Car: Passenger front seat 3.56 0.86 3.67 0.96   
Car: Passenger back seat 3.16 0.92 2.37 0.83 *** .90 
Elevators in tall buildings 3.69 0.88 3.41 0.97 ** .30 
Video games 2.45 1.29 2.20 1.25 * .20 
Movies with shaky camera work 2.77 0.94 2.29 0.79 *** .55 
Note: Sample sizes vary slightly with missing responses, a N=240-243, b N=244-247 
*p < .05, **p < .01, ***p < .001 
5.2.8 H4: Reported symptoms of motion sickness will increase in number and 
severity as susceptibility to motion sickness increases and H5: Individuals 
exposed to wind-induced building motion will report symptoms of 
low-dose motion sickness 
Table 5.8 shows self-reported effects of building motion across type of building motion. 
The most frequently reported effect of wind-induced motion was difficulty concentrating 
(42.3%), followed by feeling 'weird' (31.7%), dizzy (24.7%), and nauseous (21.1%). 
Three respondents reported vomiting due to building motion. Approximately a quarter of 
respondents reported no negative effects of building motion. Earthquake-induced motion 
was significantly less likely to affect building occupants across almost all categories of 
response compared with wind-induced motion, with the exception of fear, which was 
significantly higher in earthquakes. 'Other' effects of building motion included: “alarmed”, 
“amused / excited / interested”, “anxious”, “disconcerted”, “felt drunk”, “felt sea sick” and 
“vertiginous, body sway”. 
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Table 5.8. Building occupants’ reported effects of building motion cause of building motion  
 Cause of building motion 
 
Wind  
(N=227) 
Earthquake 
(N=311) 
Pearson 
Chi-Square 
Effect of motion % N % N  
No effect 26.4* 60 36.0* 112 5.5 
Dizzy 24.7*** 56 7.7*** 24 29.8 
Wanted to leave 15.9 36 17.4 54 0.2 
Annoyed 5.3* 12 1.6* 5 5.8 
Nausea 21.1*** 48 5.8*** 18 28.8 
Sick (vomit) 1.3 3 0 0 - 
Tired / sleepy 4.0 9 0.3 1 - 
Headache 5.3* 12 1.9* 6 4.6 
Difficulty concentrating 42.3*** 96 14.8*** 46 51.1 
Difficult to balance 5.7 13 2.9 9 2.7 
Frightened 11.9*** 27 37.0*** 115 42.5 
Felt weird 31.7*** 72 16.7*** 52 16.6 
Other 10.1 23 10.0 31 - 
* p < .05, ** p < .01, p < .001.  
Chi-Square tests examined each reported effect across quartile-split MSSQ scores, 
using Gamma as an ordinal measure of association to assess the effect of susceptibility 
to motion sickness on each symptom, shown in Table 5.9. Gamma scores less than .3 
indicate a weak relationship, .31-.6 a moderate relationship, and above .6 a strong 
relationship. Nausea, dizziness and preference to leave the building all exhibited a 
moderate relationship with MSSQ scores. Difficulty concentrating was significantly, but 
weakly, related to MSSQ scores. The strongest relationship was between nausea and 
MSSQ scores, followed by dizziness. Respondents who were unaffected by 
wind-induced building motion had significantly lower mean MSSQ scores.  
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Table 5.9. Reported effects of building motion across MSSQ quartiles 
 MSSQ Quartile  Significance test 
Effect of 
building 
motion 
 
Low 
% (N) 
Moderate-
low 
% (N) 
Moderate-
high 
% (N) 
 
High 
% (N) 
 
Chi-Square 
Linear-by-Linear 
Association 
Gamma 
No effect 
40.7 
(24) 
32.2 
(19) 
15.3 
(9) 
11.9 
(7) 
 17.7*** -.47*** 
Dizziness  
10.7 
(6) 
23.2 
(13) 
30.4 
(17) 
35.7 
(20) 
 11.5** .38*** 
Wanted to 
leave the 
building 
14.3 
(5) 
20.0 
(7) 
28.6 
(10) 
37.1 
(13) 
 5.6* .32* 
Nausea 
10.4 
(5) 
12.5 
(6) 
35.4 
(17) 
41.7 
(20) 
 18.6*** .51*** 
Difficulty 
concentrating 
14.7 
(14) 
27.4 
(26) 
31.6 
(30) 
26.3 
(25) 
 6.0* .25* 
Frightened 
14.8 
(4) 
18.5 
(5) 
37.0 
(10) 
29.6 
(8) 
 2.8 .26 
Felt 'weird' 15.9 
(11) 
27.5 
(19) 
29.0 
(20) 
27.5 
(19) 
 3.2 .19 
Other 
13.0 
(3) 
30.4 
(7) 
26.1 
(6) 
30.4 
(7) 
 1.4 .19 
* p < .05, ** p < .01, p < .001.  
Note: Items annoyed, tired, headaches and difficulty balancing were omitted due to cells with 
expected frequencies less than 5.  
Males were more likely to be unaffected by motion (71.7%) than females (28.3%), 
X2(1, N = 227) = 17.6, p < .001. Females were significantly more likely to report feeling 
dizzy, a preference to leave the building, nausea, tiredness, difficulty concentrating, fear, 
and feeling 'weird' than males. The analysis revealed only one significant age effect. 
Younger respondents were more likely to report annoyance (mode = '25 to 29', N = 12) 
than older respondents (mode = '46-54', N = 215), U (1) = 857, Z = -2.0, p < .05. 
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5.2.9 H6: Reported habituation to building motion will increase as susceptibility 
to motion sickness decreases  
Respondents judged their habituation to building motion over time. Respondents who 
indicated that motion never affected them were excluded (16.7%, N = 38). The mean 
habituation score was 3.36 (SD = .89) and the distribution was negatively skewed, 
indicating a tendency towards habitation to motion, shown in Figure 5.2. Due to the small 
sample sizes, the following analysis collapsed the two highest and two lowest categories 
(e.g. 'better over time' and 'much better over time'). Habituation to motion was found to be 
independent of susceptibility to motion sickness, K-W (2) = 3.1, n.s. Males were 1.7 times 
more likely to report habituation to motion than females, Mantel-Haenszel (1, N = 103) = 
8.2, p < 0.01 (95% CI from 1.1 to 2.3). No significant effect of age on habituation was 
observed, K-W (2) = 3.8, n.s. The length of time respondents occupied their current role 
had no effect on habituation, K-W (2) = .27, n.s. 
 
Figure 5.2. Histogram of habituation to motion, higher scores indicate that motion became better 
or much better over time, lower scores indicate that motion became worse or much worse over 
time 
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5.2.10 H7: Judgements of the unpleasantness of building motion will increase as 
susceptibility to motion sickness increases   
Respondents judged the unpleasantness of building motion on a 10-point scale with a 
mean of 6.1 (SD=1.7) with a negatively skewed distribution. A response of the mid-point 
(5) represented ‘not sure / neutral’ and higher values indicated higher ratings of 
unpleasantness. A score of 10 represented 'very unpleasant' and 0 'very pleasant'. 
MSSQ scores correlated significantly, but weakly, with judgements of unpleasantness, 
rho (220) = .19, p < .01. Reported habituation showed a moderate and significant 
relationship with judgements of unpleasantness, rho (154) = .33, p < .001. The number of 
symptoms reported and rating of unpleasantness showed a strong and significant 
correlation, rho (164) = .53, p < .001. Duration of exposure and unpleasantness of motion 
were also correlated, but only weakly, rho (143) = .24, p < .01.  
5.2.11 H8: Individuals affected by building motion will engage in compensatory 
behaviours  
Half of the respondents indicated that they do not experience any negative effects of 
building motion and therefore required no compensatory behaviours. Of those who 
reported compensatory behaviours, the most frequently reported was standing up / 
walking around the office and taking a break outside the building (Table 2.1). Individuals 
who reported that they stand up and walk around had significantly higher MSSQ scores 
(M = 15.2, SD = 11.4) than those who did not report this behaviour, U (1) = 3868, Z = -2.6, 
p < .01. Individuals who reported taking breaks outside did not differ significantly on 
MSSQ scores, U (1) = 3833, Z = -1.5, n.s. Four respondents reported that they take 
motion sickness tablets, and one indicated taking ginger tablets. One of these four 
respondents reported, "We supply sealegs [motion sickness tablets] to staff ". A further 
10 responses were variations on 'putting up' with the motion and waiting for it to pass.   
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Table 5.10. Compensatory behaviours used to alleviate negative effects of wind-induced building 
motion  
Compensatory behaviours % N 
No need for a strategy 49.8 113 
Stand up and walk around 27.8 63 
Go home sick .4 1 
Work from home 1.3 3 
Work somewhere else 2.6 6 
Take a break outside building 23.3 53 
Other 9.7 22 
 
5.2.12 H9: Less than 5% of respondents will report making a formal complaint 
about building motion  
Overall, 45.4% (N = 103) of respondents who reported wind-induced building motion 
complained to someone about that motion, shown in Table 5.11. Respondents most 
often informally complained about building motion to friends and family (11.9%) or 
co-workers (30.4%) rather than those high in their organisation's hierarchy, such as team 
leaders or CEOs. Only 4.8% of respondents directed complaints to their team leader. 
Two complaints were issued to the building's property manager (landlord) and no 
complaints were made to building owners. Respondents were less likely to complain 
about earthquake-induced motion than wind-induced motion. In the ‘other’ category, one 
respondent stated that wind-induced building motion was "discussed as a team", another 
complained to health and safety, one complained to the property manager and the other 
did not complain but discussed the issue with the building’s landlord.  
The following analysis collapsed complaint across all levels (from home to the CEO) to 
form a binary 'complained' and 'did not complain' variable due to small sample sizes. 
Respondents who complained about building motion judged building motion as more 
unpleasant (M = 6.5, SD = 1.8) than those who did not complain (M = 5.8, SD = 1.5), U (1) 
= 4531, Z = -2.7, p < .001. Complainers reported significantly lower levels of habituation 
(median = 'not sure / neutral') than non-complainers (median = 'I became less affect by 
building motion over time'), U (1) = 3361, Z = -2.9, p < .01. Complainers also were 
significantly more likely to experience building motion more often (49.5%, N = 51, 
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reported building motion monthly or more often) than non-complainers (33%, N = 41), U 
(1) = 4986, Z = -2.4, p < .05. Complaint was not significantly affected by duration of 
exposure to motion, U (1) = 4534.5, Z = -.83, n.s., MSSQ scores, U (1) = 5240, Z = -1.94, 
n.s., or the floor on which building motion was experienced, U (1) = 5661, Z = -1.5, n.s. 
When asked why people might choose not to complain about building motion, almost half 
of respondents indicated that they believed building motion could not be 'fixed'. 
Approximately a third of respondents reported being unaffected by motion, indicating that 
complaining would make no difference, and that building motion is something that has to 
be "put up with". Respondents reported several other reasons why they did not complain. 
Six respondents indicated a variation on "acceptance" and that building motion is a "part 
of life in Wellington", 14 indicated that building motion is a building design feature that 
increases the safety of the building in earthquakes, and 8 indicated that motion was not a 
significant problem. Two other notable comments were, "if building motion is bad (eg. 
during storms of February 2004), supervisors had no issue letting people leave work" 
and, "The company was aware of the problem and in 2003 moved to another building that 
did not move". 
Table 5.11. Reports of complaint about wind-induced building motion, and reasons given for 
choosing not to complain 
  % N 
Who the 
respondent 
complained to 
Never complained 54.6 124 
People at home 11.9 27 
Co-worker 30.4 69 
 Team manager 4.8 11 
 CEO 0.9 2 
 Landlord / Property manager 0.9 2 
 Building owner 0 0 
 Other 6.2 14 
Reason for not 
complaining 
Does not affect me 30.4 69 
Building motion cannot be fixed  44.9 102 
Building motion does not seem to bother others 15 34 
 Complaining would make no difference  30 68 
 You just have to put up with building motion  33.5 76 
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5.2.13 Judgements of building performance 
Respondents judged how building motion in their current workplace compared to what 
they consider to be a modern well-constructed building, shown in Table 5.12. Lower 
scores indicate poor performance. Respondents who reported wind-induced building 
motion in their current building rated their building's performance significantly worse 
(mean rank = 115) than those who had only felt earthquake-induced motion (mean rank = 
170), U (1) = 6515.5, Z = -5.84, p < .001. 24.8% of respondents who had felt 
wind-induced motion judged building performance as below average, 7 times higher than 
the 3.5% of respondents who reported only earthquake-induced motion.    
Table 5.12. Judgements of building motion compared to perceptions of a modern well-constructed 
building across cause of motion 
 Cause of building motion 
 Wind EQ 
 % N % N 
Much worse than 
average 
6.7 7 2 4 
Worse than 
average 
18.1 19 1.5 3 
About average 56.2 59 52.8 104 
Better than 
average 
17.1 18 31 61 
Much better than 
average 
1.9 2 12.7 25 
Total 100 105 100 197 
 
5.2.14 General comments 
Table 5.13 shows a selection of respondent comments related to building motion.  
Table 5.13. Respondent comments about building motion in Wellington 
# Respondent comments 
1 Our building rocks in every strong northerly, and the wind howls thru the windows. 
When our lease is up in about 6 months we are moving, which will make everyone a lot 
happier. 
 
133 
2 I work on a contract (short term) basis and so re-locate workplaces frequently. I have 
worked in many of Wellington's tall buildings, but only experienced wind-sway once, 
and earthquake sway a handful of times. If I did encounter regular wind sway, I'd 
probably get sick and would leave that role to avoid it.  
3 If effects became serious then one would change jobs. When concentrating on work, 
the movement of buildings can usually be ignored. 
4 My work is located in a new building with isolation technology to protect against 
damage in earthquakes. It means we feel the effect of strong wind and have felt the 
large earthquakes in Christchurch. 
5 Previous position in [building name removed] (20 years ago!) were on the top floor and 
people often went home sick on windy days. Building did move perceptively, but 
wasn't personally affected. 
6 Our current building has a reputation for moving a lot in the wind but despite being 
warned almost none of us have had a problem with this. We can feel it moving but it is 
not a problem. 
7 When I change jobs for the first two weeks in a new building I get motion sickness. I 
feel sick and tired the whole time, then I get used to the building and it passes it has 
also happened when stay at an apartment building on a holiday on about 10th floor. 
8 I am still susceptible to motion sickness but with maturity have learnt how to avoid it or 
minimise the effects, such as keeping head up and watching the road/being in front 
seat, fresh air etc. 
9 Turned the job down because of the building movement 
10 The use of the word complain isn't neutral building movement isn't always a bad thing 
for people.  
11 The survey assumes building motion is a problem, in [building name removed], it was 
an unusual one off event & my workmates & I have quite amused by it, it added variety 
to the day & made us laugh. 
12 Have only been in current building for less than a month so unable to state if it has 
problem with motion previous location was much more noticeable on 11/12 than 8. 
Motion on 8 was due to earthquake, motion [on] 12 was sometime[s] due to wind. 
13 Wellington can be very windy and if we get a prolonged spring spell or [northwest] 
winds people can get a bit potty. 
14 I don’t consider myself to be overly susceptible to motion sickness, however if there is 
a lot movement then I can feel at little dizzy a off balance. Its not lasting a[nd] not 
common. 
15 Building motion is rarely an issue - I find it quite novel when I experience it. 
16 I work in [building name removed] and building motion due to wind is a constant factor! 
17 I have always experienced bad motion sickness. Working on the fourth floor I usually 
walk up the stairs as elevators make me feel ill. 
19 Building motion is something I feel I personally manage - but there is a frission of 
expectational anxiety - might it get worse?  
20 Felt sick a lot in buildings thought it was my weak stomach. 
21 I have been in a wind affected building in our regular all day quarterly meetings - 
[building name removed]. 
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5.3 Discussion 
Nearly 85% of the sample in the current study reported they had felt some type of building 
motion. Forty-two percent of respondents reported wind-induced building motion, across 
29 different tall buildings of at least 9 floors. A further 42% of that group indicated that 
wind-induced motion was perceptible at least once a month. Burton (2006) is the only 
comparable survey, who sampled 5000 Hong Kong residents, finding only 5.8% of the 
sample reported wind-induced building motion. Wellington respondents were about 14 
times more likely to report any type of building motion, and about 7 times more likely to 
report wind-induced motion. Hong Kong experiences Typhoons, but has a lower mean 
wind speed (2.5 m/s, Hong Kong Observatory, 2013) than Wellington (7 m/s, Carpenter, 
2002). Wellington City is located on a major fault line and experiences frequent 
earthquakes, whereas earthquakes are rare in Hong Kong, and situated far from a 
tectonic boundary (Hong Kong Observatory, 2009). A high-wind climate and frequent 
earthquake activity likely accounts for the higher observed rate of reported building 
motion in Wellington than Hong Kong. Sample collection may have also contributed to 
the difference, as this study targeted CBD workers, whereas Burton's (2006) targeted a 
general sample.  
5.3.1 H1: Highly susceptible individuals will prefer to work on relatively lower 
floors than the least susceptible individuals, H2: Highly susceptible 
individuals will work on relatively lower floors than the least susceptible 
individuals and H3: Highly susceptible individuals will report relatively 
higher levels of avoidance of motion environments than the least 
susceptible individuals 
Individuals most susceptible to motion sickness were 3.5 times more likely to report a 
preference to work on the lowest floors of tall buildings than the least susceptible 
individuals. However, both groups reported that they currently worked on the same mean 
floor, supporting Hypothesis 1, and failing to support Hypothesis 2. In relatively 
unconstrained situations, the most susceptible individuals reported that they avoid 
nauseogenic environments (e.g. ships, roller coasters, travel in the back seat of cars) 
compared with the least susceptible individuals, supporting Hypothesis 3. These findings 
suggest that individuals are constrained in their choice of work environments, and that 
the physical work environment is probably a secondary consideration to other factors 
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such as remuneration and job satisfaction, given that more senior and hence higher-paid 
jobs are typically performed on more ‘prestigious’ higher floors. One respondent stated 
that, "[I] turned [a] job down because of the building movement", indicating that, at least in 
some cases, the avoidance of building motion is a conscious decision. This particular 
individual scored below average on the MSSQ suggesting that the aversion to motion 
may have been due to factors other than susceptibility to motion sickness. Given that 
building motion is relatively common in Wellington, one could question whether this 
pattern of results is unique to Wellington. Chapter 6 shows the same pattern of results in 
Sydney, discussed in the following chapter.    
5.3.2 H4: Reported symptoms of motion sickness will increase in number and 
severity as susceptibility to motion sickness increases 
Seventy-four percent of building occupants in this study reported at least one effect, or 
symptom of motion sickness, due to building motion. This proportion is almost identical to 
Goto's (1983) observation where 72% of occupants reported 'uneasiness and strain' and 
/ or other non-specified symptoms of motion sickness in a survey of tall building 
occupants. Goto (1983) found 67% of occupants on upper floors experienced symptoms 
of motion sickness, compared with a quarter of respondents in this study. Goto (1983) 
surveyed occupants of buildings almost twice the height of the tallest buildings in this 
study after a typhoon rather than the non-extreme winds in this study. Therefore, the 
duration and magnitude of acceleration were likely higher in Goto's (1983) study, 
accounting for the higher incidence of nausea, or high-dose motion sickness compared 
with the current study. A quarter of respondents reported traditional symptoms of motion 
sickness, moderated by individual susceptibility to motion sickness, supporting 
Hypothesis 4. Three respondents reported vomiting, indicating that extreme 
physiological responses to building motion can occur. No previous studies have reported 
building motion-induced vomiting. However, unknown factors may have contributed, e.g. 
morning sickness, being hung-over, or general nausea for other reasons. All motion 
simulator studies carefully control experimental conditions and attempt to minimise 
confounding effects (e.g. general nausea, or lack of sleep) and therefore the interaction 
of building motion and existing conditions is unknown. Some respondents described 
building motion as 'disconcerting', anxiety provoking, and one respondent compared the 
sensation to being intoxicated. These factors likely contributed to the general perception 
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that building motion is unpleasant, even when it did not induce motion sickness in 
building occupants. Males were more likely to report no adverse effects of motion 
(71.7%) than females (28.3%), primarily due to females on average being more 
susceptible to motion sickness.  
Respondents were 3 times more likely to report fear during earthquakes compared with 
wind-induced motion. Other effects such as nausea were significantly less likely during 
earthquakes, probably due to the shorter duration of exposure to motion. However, 6% of 
building occupants reported earthquake-induced motion sickness, suggesting that even 
very short durations of exposure to motion at the resonant frequency of a building might 
produce nausea. Six months prior to the study, a magnitude 6.3 earthquake struck New 
Zealand's third largest city, Christchurch, resulting in 185 fatalities and injuring many 
more. Given the severity of that event, respondents may have been more sensitive to 
earthquakes than usual. Coupled with Wellington's high earthquake risk, judgements of 
fear in this study may have been higher than in other comparable cities.   
5.3.3 H5: Individuals exposed to wind-induced building motion will report 
symptoms of low-dose motion sickness 
In addition to classic symptoms of motion sickness, respondents also reported symptoms 
of low-dose motion sickness, supporting Hypothesis 5. Difficulty concentrating was the 
most frequently reported symptom (42%), one of the cardinal symptoms of sopite 
syndrome. Goto (1983) and Burton (2006) also noted difficulty concentrating during 
exposure to low frequency motion. Unlike traditional symptoms of motion sickness, 
difficulty concentrating had a weak relationship to susceptibility to motion sickness, 
supporting Graybiel and Knepton (1976) who suggest that the incidence of sopite 
syndrome is independent of susceptibility to motion sickness. This indicates that 
low-dose symptoms of motion sickness may not be restricted to only the most 
susceptible individuals.  
At relatively high accelerations (e.g. Goto, 1983; Hansen et al., 1973) the occupant 
response is predictably aversive, whereas at relatively low accelerations the response is 
more varied and unpredictable. Given the high rate of difficulty concentrating, it seems 
reasonable to expect that building occupants will experience other symptoms of sopite 
syndrome such as tiredness and low affect (mood). However, only 4% of respondents 
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reported tiredness attributed to tall building motion. A low rate of motion-attributed 
tiredness supports the theory proposed by Walton et al. (2011) that occupants will 
misattribute low-dose symptoms of motion sickness to work stress and fatigue, not 
building motion. One respondent noted that "[I] felt sick a lot in buildings thought it was 
my weak stomach" suggesting that even high-dose symptoms may be misattributed. 
Study 3 in this thesis uses a longitudinal methodology (Chapter 7) to determine how 
variations in work performance, comfort and health (including tiredness) relate to 
increases in building motion, indeed finding that respondents report higher mean levels 
of tiredness during building motion, discussed in detail in Chapter 7.  
A small proportion of building occupants judged building motion as pleasant, also 
observed by Goto (1983) who found that 2-3% of occupants felt refreshed by building 
motion. It is unknown why this occurs, since the majority of occupants find building 
motion unpleasant. Graybiel and Knepton (1976) potentially explain this effect, noting 
that sailors experience pleasant bouts of drowsiness while regaining their habituation to 
motion at sea after a period on land. One finding in this study supports this, as 
respondents who rated motion as pleasant were more likely to report higher levels of 
habituation to building motion. It seems likely that, despite the pleasant sensation, these 
individuals may also experience elevated levels of drowsiness. Sopite syndrome has a 
different time course occurring both before and after symptoms of nausea (Graybiel and 
Knepton, 1976), the latter effects sometimes experienced up to 12 hours after exposure 
to the provocative stimulus. Therefore, it is possible that the symptoms described in this 
study persisted into the evening, or perhaps even developed in the evening. A survey 
administered during the evening would be necessary to assess the possibility of late 
onset motion sickness in building occupants. 
5.3.4 H6: Reported habituation to building motion will increase as susceptibility 
to motion sickness decreases 
Respondents indicated a trend towards habituation to building motion over time and 
which was independent of susceptibility to motion sickness, failing to support Hypothesis 
6. Denoon et al. (2000) also found evidence of habituation from airport control tower 
workers who reported building motion became more acceptable over time. Despite an 
overall trend toward decreased effects of motion over time, a significant proportion of 
individuals indicated that the effects of motion became worse over time, indicating that 
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individuals vary substantially in their ability to habitation to motion. Random motion is 
likely more difficult to habituate to than sinusoidal motion, due to random motion's 
inherent unpredictability, but no studies have tested this. Further, due to the 
frequency-specific nature of habituation (Reason and Brand, 1975), moving to another 
building would likely require re-habituation.  
5.3.5 H7: Judgements of the unpleasantness of building motion will increase as 
susceptibility to motion sickness increases 
Wind-induced building motion was judged mildly unpleasant with a mean 6.1 on a 
ten-point scale; the mid-point 5 represented ‘not sure / neutral’, higher scores indicating 
higher levels of unpleasantness. Reported unpleasantness of motion showed a strong 
and positive relationship with the number of effects of building motion reported, however, 
judgements of unpleasantness only weakly related to MSSQ scores, partially supporting 
Hypothesis 7. Unpleasantness showed a relatively stronger relationship with reported 
habituation. Reason and Brand (1975) suggest that there are 3 components of 
susceptibility to motion sickness: a general susceptibility to motion sickness, a differential 
ability to habituate to motion, and the ability to retain that habituation. Given that 
judgements of unpleasantness significantly relate to the number of reported symptoms of 
motion sickness, it seems reasonable to suggest that unpleasantness should relate to a 
pure measure of motion sickness susceptibility. The MSSQ does not explicitly, nor does it 
appear to implicitly, measure habituation or the retention of habituation to motion 
sickness. Therefore, it seems likely that habituation is a component of susceptibility to 
motion sickness that the MSSQ does not measure. The ability to adapt to motion may be 
important to the understanding of how building motion affects occupants.   
5.3.6 H8: Individuals affected by building motion will engage in compensatory 
behaviours 
There are three possible types of compensatory behaviours. First, conscious strategies 
employed to attempt to reduce symptoms of motion sickness or a general aversion to 
motion, e.g. taking motion sickness tablets. Second, unconscious compensatory 
responses to the effects of motion, e.g. unconsciously taking more breaks than usual. 
Behaviours classified as conscious and unconscious can obviously be the same actions, 
the defining factor being an awareness of the cause of the response. Third, automatic 
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physical compensatory responses, such as postural adjustments to motion to maintain 
balance. Chapter 7, the longitudinal study, addresses unconscious compensatory 
behaviours. Motion tracking equipment is required to measure physical compensatory 
behaviours, such as body sway, and is best suited to motion simulator studies. This study 
only addresses conscious compensatory behaviours.   
Half of the respondents who reported wind-induced building motion indicated that they 
engaged in compensatory behaviours to alleviate discomfort, primarily by reducing their 
exposure to motion through taking breaks outside their building or walking around the 
office, supporting Hypothesis 8. Temporarily leaving the building obviously reduces 
exposure to motion, however, it is unclear how walking around the office provides relief. 
Most, if not all, reports of motion sickness tablet use in tall buildings has been anecdotal 
(e.g. Melbourne and Cheung, 1988). Five respondents in this study had used motion 
sickness tablets in the past, but it is unknown how often or under what conditions motion 
sickness tablets are used. One respondent stated that they issue their staff with motion 
sickness tablets, indicating building motion is a known problem by management. Goto 
(1983) reported that 31% of building occupants undertook some form of compensatory 
behaviours, giving the examples of stopping work to rest or going to a lower floor, but no 
respondents reported taking medicine or lying down. These findings support Walton et 
al.’s (2011) prediction that individuals will actively manage their environment in an 
attempt to reduce their discomfort.  
5.3.7 H9: Less than 5% of respondents will report making a formal complaint 
about building motion 
Forty-five percent of building occupants complained about building motion to another 
individual. Respondents directed the majority of these complaints to co-workers and 
family. Only 4.8% of complaints reached the respondents’ team leader, and fewer 
reached the organisation’s CEO. Two complaints were made to the landlord / property 
manager (0.9%). Even including complaints to the landlord / property manager as the 
highest level of complaint, complaint to the highest levels were substantially lower than 
5%, supporting Hypothesis 9. Burton (2006) also found a low-rate of complaint where 
only 2.3% of respondents who had felt wind-induced building motion made a formal 
complaint to their employer or the building owner.  
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Denoon et al. (2000) observed no correlation between those who reported that building 
motion was unacceptable, and those who issued an official complaint to their employer. 
Although Denoon et al.'s (2000) observations related to formal complaint, compared with 
this study, which found the majority of complaint was informal. These informal complaints 
were more likely when occupants reported frequent motion, judged motion as 
unpleasant, and when the individual reported low levels of habituation. The engineering 
literature generally regards formal complaint as an accurate metric for measuring 
building performance (e.g. Isyumov & Kilpatrick, 1996). At least in office buildings in 
Wellington, it is clear that occupants almost never formally complain directly to building 
owners, and that even formal complaint within an organisation is very low. Even if 
building owners were aware of all complaints made to team leaders, formal complaints 
would still not exceed 5%.   
It is clear, at least in Wellington, that building occupants rarely formally complain outside 
of their organisation's hierarchy. Several respondents stated that they did not want to 
“cause trouble”, or be labelled “complainers”, thus made no formal complaint to their 
manager. The perceived 'risk' of making a formal complaint and the belief that building 
motion cannot be “fixed” may explain the gulf between the low rate of formal complaint 
and the high rate of informal complaint. Almost a third of respondents reported that 
building motion caused them to feel 'weird'. Symptoms of nausea are relatively easier to 
convey to others but feeling 'weird' is probably difficult to use as justification for 
complaint. A small proportion of respondents (about 5%) acknowledged that building 
motion is intentional, and that the building flexibility would be relatively safer in an 
earthquake. A smaller proportion acknowledged that building motion was part of life in 
Wellington, and that it is unavoidable. An alternative explanation might be that occupants 
did not believe motion was sufficiently unacceptable to warrant complaint.   
Formal complaint alone is a poor metric of building performance. While formal complaint 
is rare, it seems that some occupants will informally indicate that building motion is 
unacceptable, but it cannot be assumed that these views will be volunteered to their 
employers and building owners. Building performance could be more accurately 
assessed using independently gathered and confidential measures of building 
occupants' judgements of building performance rather than the rate of formal complaint.  
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5.3.8 The perception of building motion 
Almost all respondents indicated that they spend the majority of their workday at their 
desk, concordantly, most respondents reported building motion while sitting. Goto (1983) 
and Burton (2006) both reported that motion tends to be initially 'felt'; in the latter motion 
was initially felt and visual cues were used to confirm motion. Hansen et al. (1973) found 
that creaking sounds were the first cue to motion in their study, followed by vestibular and 
proprioceptive cues to motion. Walton et al. (2011) argue that designing buildings to 
minimise visual cues might be ineffective because occupants receive the same dose of 
motion, regardless of the perceptibility of that motion. Minimising visual cues might also 
be ineffective because occupants usually feel motion, not observe it. The perception of 
wind-induced building motion appears to be independent of susceptibility to motion 
sickness, therefore the perception of building motion does not appear to be limited to 
individuals who are highly susceptible to motion sickness. A general sensitivity to the 
perception of motion could exist, but it seems unrelated to susceptibility to motion 
sickness.  
5.3.9 Organisational-level effects  
Two respondents made the following comments: "The company was aware of the 
problem [of building motion] and in 2003 moved to another building that did not move"; 
and "Our building rocks in every strong northerly, and the wind howls through the 
windows. When our lease is up in about 6 months we are moving, which will make 
everyone a lot happier". In both cases, respondents indicated that building motion was a 
problem acknowledged by the organisation's management, which appears to be a 
significant contributor to the decision to relocate. Further research could interview or 
survey high-level managers to quantify the perceived cost of building motion to their 
organisation in terms of employee performance and well-being.  
5.3.10 Judgements of building performance 
Respondents who worked in a building where they had felt wind-induced building motion 
rated their building's performance significantly worse than those who had only felt 
earthquake induced motion. 24.8% of respondents reported wind-induced motion judged 
their building's performance as below average, 7 times higher than the 3.5% of 
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respondents who reported earthquake-induced motion. It appears that occupants regard 
earthquake-induced motion as more acceptable than wind-induced motion. Given that 
respondents often cited building flexibility as a safety feature in earthquakes, whereas, 
occupants appear to consider wind-induced motion as the result of poor building design. 
5.3.11 Work performance 
While it was not possible to directly measure work performance, or more importantly 
changes in performance, using a one-sample survey methodology, several effects were 
identified that could potentially lower work performance. Studies of sailors have shown 
that degraded performance may be a result of secondary effects due to motion sickness 
rather than direct effects of motion itself (Stevens & Parsons, 2002). In a similar manner, 
outright symptoms of motion sickness (21%) and difficulty concentrating (42%) reported 
by respondents in this study would likely have had negative effects on work performance. 
Further, compensatory behaviours reported earlier, such as taking more breaks may 
reduce productive time. Chapter 7 investigates the effect of wind-induced building motion 
on work performance.  
5.3.12 Limitations 
Wellington's wind climate, earthquake risk, and building requirements are unique, 
therefore the findings reported in this study may have limited generalisability to other 
cities. Further, self-selection may have occurred and biased the sample towards high 
levels of susceptibility to motion sickness. The following chapter compares the findings of 
this study to the same survey administered in Sydney, Australia, to resolve these 
potential issues.  
The survey relied on respondents' recollections of their response to building motion. 
Reports are unlikely to be as accurate as those measured during or soon after felt 
motion. The building accelerations that caused the reported effects are unknown. 
Reports are likely limited to the more salient effects that participants attribute to building 
motion.      
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5.3.13 Conclusions 
Highly susceptible individuals reported avoidance of many motion sickness inducing 
environments, such as ships and roller coasters. Despite the strong preference to avoid 
working in tall buildings, highly susceptible individuals were as likely to work on high 
floors as the least susceptible individuals. This suggests that individuals are constrained 
in their ability to avoid working in offices located in tall buildings. These highly susceptible 
individuals were subsequently more likely to experience motion sickness, and therefore 
more likely to try to actively manage their work environment with compensatory 
behaviours in an attempt to improve their comfort. Building motion induced symptoms of 
sopite syndrome, particularly difficulty concentrating, which suggests that occupants may 
also experience more subtle symptoms such as drowsiness.  
Susceptibility to motion sickness is a significant predictor of which occupants will 
experience negative effects of building motion. It is argued that frank symptoms of motion 
sickness and difficulty concentrating are likely to impair work performance in addition to 
the reduced productive time due to compensatory behaviours. Despite the reported 
adverse effects of motion sickness, building occupants almost never formally complain 
about building motion, contradicting the belief that complaint is an effective index of 
building performance. Formal complaint is a poor indicator of the effects of building 
motion on occupants and is not an appropriate as a sole metric of building performance.  
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Chapter 6  
An international comparison of occupant  
comfort in wind-excited tall buildings  
Central Business District (CBD) workers in Wellington, New Zealand, reported 
perceptible wind-induced motion across 29 different tall buildings. Chapter 5 shows that 
individuals who are highly susceptible to motion sickness indicate a preference to avoid 
working in tall buildings. Despite these preferences, highly susceptible individuals are 
equally likely to work on high floors and the least susceptible individuals. These highly 
susceptible individuals were subsequently more likely to experience motion sickness, 
and engage in compensatory behaviours to minimise their discomfort. Building motion 
caused respondents to have difficulty concentrating on work, a symptom of sopite 
syndrome, and an indicator of early onset motion sickness. Susceptibility to motion 
sickness was the single most predictive factor in determining an individual’s response to 
building motion. Despite the reported adverse effects of motion sickness, less than 5% of 
respondents complained to their team leader, and no respondents complained directly to 
building owners.  
Wellington is unique in terms of its high wind speeds and earthquake risk. Given the 
potential for fatalities, strict building codes ensure that buildings are sufficiently flexible to 
maintain structural integrity during earthquakes (IPENZ, 2011). Based on these 
requirements, Wellington buildings tend towards earthquake optimisation at the expense 
of high mass and stiffness, which tend to reduce wind-excitation (e.g. Vickery et al. 
1982). Therefore, Wellington buildings are relatively more wind-excitable than in most 
other cities. Despite the differences in building characteristics, it is expected that the 
effects of motion will be similar to that found in other countries, however, Wellington 
building occupants may experience motion in shorter buildings and more regularly. To 
assess the generalisability of the findings reported from the Wellington sample, Study 2 
administered the same survey in Sydney, Australia, which has a relatively benign wind 
climate, and is therefore a suitable comparison for Wellington.  
Sydney is located on the east coast of Australia with a population of 4.6 million people 
(Australian Bureau of Statistics, 2013) almost 12 times that of Wellington. Sydney has a 
mean wind speed of 5.2 m/s (Australian Government Bureau of Meteorology, 2012), 
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comparable to annual mean wind speeds of 4-5 m/s in most New Zealand cities, but 
about 2 m/s lower than Wellington's means wind speed of 7 m/s, (Carpenter, 2002). 
Based on a sample of the tallest 100 buildings in each city, Sydney buildings are on 
average 2.6 times taller, and 4 years newer than in Wellington, shown in Table 6.1 
(Emporis, 2012).  
Table 6.1. Comparison of building height data for the 100 tallest buildings in Sydney and 
Wellington (Emporis, 2012) 
 City 
 Sydney Wellington 
Maximum height 243.0 m 116.0 m 
Mean height 139.0 m 53.5 m 
Maximum number of 
floors 
75 floors 29 floors 
Mean number of floors 36.0 floors 15.1 floors 
Mean year of 
construction 
1989 1986 
 
Study 2 collects descriptive information about reported building motion in Sydney, 
Australia and compares those results with those obtained in Wellington, New Zealand. 
The current study examines twelve hypotheses, derived from the findings reported in 
Chapter 5: 
H1: A smaller proportion of respondents will report wind-induced building 
motion in Sydney than in Wellington 
H2: Sydney respondents will report building motion less frequently in Sydney 
than in Wellington 
H3: MSSQ scores of respondents in Sydney and Wellington will not 
significantly differ 
H4: The perception of building motion is independent of susceptibility to 
motion sickness 
H5: Individuals susceptible to motion sickness will prefer to work on relatively 
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lower floors compared to the least susceptible individuals  
H6: Susceptibility to motion sickness will be independent of respondents' 
current work floor 
H7: Highly susceptible individuals will report higher levels of avoidance of 
known motion sickness inducing environments than the least susceptible 
individuals 
H8: Reported symptoms of motion sickness will not differ by city and will 
increase in likelihood as susceptibility to motion sickness increases  
H9: Habituation will occur more frequently in Wellington than Sydney  
H10: Judgements of the unpleasantness of motion will be lower in Sydney 
than in Wellington  
H11: Respondents affected by building motion will engage in more 
compensatory behaviours in Wellington than in Sydney.  
H12: Respondents will complain about building motion less frequently in 
Sydney than in Wellington 
6.1 Method 
6.1.1 Participants 
The investigators distributed four thousand surveys in the Sydney and North Sydney 
CBDs over September 7th to 9th, 2011. Respondents returned 733 completed surveys 
yielding a response rate of 18.3%. Respondents were evenly distributed across gender 
(male = 50.2%, N = 362; female = 49.8%, N = 359) and reported a mean age of 40.5 
years. ‘Professional’ was the most frequently reported job category (55.9%, (N = 407), 
followed by 'clerical / admin' (15.9%, N = 116), 'manager' (14.4%, N = 105), 'technical' 
(2.1%, N = 15), 'student' (4.0%, N = 29), 'other' 4.0% (N = 29), and 'trade worker' (1.1%, N 
= 8). 
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6.1.2 Materials  
The survey administered in Sydney was identical to the Wellington survey, except the 
survey omitted the invitation for the longitudinal study. See Chapter 5 for a full description 
of the survey items. 
6.1.3 Procedure 
Eleven University of Western Sydney engineering project students distributed survey 
packs in the Sydney and North Sydney CBDs. Their final year project was to manage the 
printing / packaging of the surveys and the distribution of the survey packs. Relevant 
local city councils gave their permissions and support to the project prior to data 
collection. Each survey pack contained a free coffee voucher as an incentive.   
The main independent variables were survey location (Sydney / Wellington) and 
susceptibility to motion sickness. The main dependent measures were reported motion 
sickness, preferences for work environments, judgements of motion unpleasantness, 
and characteristics of respondents' work building. MSSQ scores were calculated 
according to the scoring schedule in Golding (2006) described in Chapter 5. The analysis 
mainly used non-parametric tests (e.g. Mann-Whitney U, Chi-square) to examine 
differences across independent measures, as many of the dependent variables were 
skewed, violating the assumptions of normality required for parametric tests.  
6.2 Results 
6.2.1 H1: A smaller proportion of respondents will report wind-induced building 
motion in Sydney than in Wellington and H2: Sydney respondents will 
report building motion less frequently in Sydney than in Wellington 
Perceptible building motion was reported by 37.7% (N = 276) of Sydney respondents, 
significantly lower than the 84.8% (N = 851) observed in Wellington, X2(1, N = 1605) = 
402.5, p < .05, shown in Table 6.2. The causes of building motion differed significantly 
between the Sydney and Wellington samples, X2(4, N = 1204) = 135.3, p < .001, and for 
each motion cause (all comparisons had significant adjusted standardised residuals of 
1.96 or greater). Despite the lower base rate of reported building motion in Sydney, 
wind-induced building motion accounted for a higher proportion of motion in Sydney 
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(55.1%) than in Wellington (48%). Wellington respondents reported earthquake-induced 
building motion at twice the rate reported in Sydney. Sydney respondents reported a 
significantly higher rate of 'other' causes of building motion, predominantly caused by 
train and traffic vibration, road works and construction.  
Significant differences were also observed between the types of buildings where motion 
was felt, X2(3, N = 1188) = 158.9, p < .001. Building motion was reported significantly 
more often in office buildings in Wellington than Sydney. In Sydney, respondents were 
more likely to report building motion in hotels and 'other', which were mainly tourist 
attractions, e.g. Sydney Tower (formerly Centrepoint Tower). 
Table 6.2. Descriptive statistics for the reported cause of building motion, and building type across 
city 
  City 
  
Sydney sample  
Wellington 
sample 
  % N  % N 
Type of 
building 
motion 
Wind  50.8 164  37.6 331 
 Earthquake 25.1 81  48.6 428 
 
Wind / Earthquake 
/ other a 
4.3 14  10.4 92 
 Not sure  12.1 39  1.5 13 
 Other 7.7 25  1.9 17 
 Total 100 323  100 881 
Type of 
building 
Residential 7.9 12  12.3 103 
 Office 52.6 80  83 696 
 Hotel 7.9 12  2 17 
 Other 31.6 48  2.7 23 
 Total 100 152  100 839 
a Respondents who indicated that building motion was due to multiple causes despite being asked 
to report about one instance of building motion, with a preference for wind-induced motion if they 
had experienced multiple types of building motion  
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Unless otherwise noted, further analyses are limited to the 80 respondents in the Sydney 
sample who reported building motion in office buildings to maintain comparability with the 
Wellington sample. The analysis excluded 14 respondents who reported multiple causes 
of building motion. Twenty-four of the 80 cases of wind-induced office building motion 
were from outside of Sydney (e.g. Adelaide, Auckland, London, Melbourne, New York 
and Perth). These cases were included in the sample; otherwise, the sample would be 
too small for some statistical tests.  
Wind-induced building motion was reported more frequently in Wellington (Mean Rank = 
137.5) than Sydney (Mean Rank = 185.5), U (1) = 5847, Z = -4.3, p < .001 (lower ranks 
indicate a higher frequency of occurrence), shown in Table 6.3. Wind-induced building 
motion was significantly more likely to be felt in a current workplace in Wellington, and 
more likely to be felt in a previous workplace in Sydney, X2(2, N = 283) = 17.3, p < .001. 
On average, building motion was felt on a significantly higher floor, U (1) = 6672, Z = -3.4, 
p < .001, and in significantly taller buildings, U (1) = 4444, Z = -6.2, p < .001, in Sydney 
compared with Wellington. Building motion in Wellington was reported to occur for an 
average duration of 4 times that reported in Sydney, U (1) = 6657, Z = -3.6, p < .001.  
 
 
 
 
 
 
 
 
 
 
150 
Table 6.3. Reported frequency of occurrence of wind-induced building motion, duration of 
exposure, building height and floor where motion was experienced for Wellington and Sydney 
office buildings   
  City 
  Sydney a Wellington 
  % N % N 
Frequency of 
exposure to motion Everyday 5.1 4 5.9 13 
 Once a week 14.1 11 15.8 35 
 Once a month 9 7 19.9 44 
 Once in 3 months 9 7 33.5 74 
 Once year or less 21.8 17 15.4 34 
 Only once 39.7 31 9.5 21 
 Total 100 78 100 221 
Motion felt in current / 
previous workplace 
Felt in current workplace 
only 23.7 14 38.8 87 
 
Felt in previous workplace 
only 55.9 33 27.2 61 
 
Felt in current and previous 
workplaces 20.3 12 33.9 76 
 Total 100 59 100 224 
  M SD M SD 
Building information Mean floor where motion 
was experienced (floor) 23.5 19 15.3 7 
 
Mean Building height 
(number of floors) 33.3 23.4 19 7.1 
 
Mean duration of building 
motion (mins) 18 59.2 82 123.4 
a includes 24 cases from outside of Sydney 
6.2.2 H3: MSSQ scores of respondents in Sydney and Wellington will not 
significantly differ 
Table 6.4 shows a comparison of MSSQ scores in Sydney and Wellington. MSSQ scores 
in the Sydney sample were positively skewed (Skewness = .41, Kurtosis = .18) with a 
similar distribution to that found in Wellington. Parametric tests examined differences 
between MSSQ scores between cities due to the large sample size, under the 
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assumption of the Central Limit Theorem that a sampling distribution approaches a 
normal distribution given large sample sizes. No significant differences in susceptibility 
were found between Wellington and Sydney on MSSQ scores, t (1709) = 1.8, p < .05. 
The Wellington sample was slightly biased to towards females (55% compared to 45% in 
Sydney), and given that females have higher MSSQ scores on average (e.g. Reason and 
Brand, 1975), gender was controlled for in the following analysis. A univariate ANOVA 
assessed the effect of City on MSSQ scores including gender as a Weighted Least 
Squares weight (WLS). Controlling for gender, no differences were observed between 
Sydney (corrected mean = 18.6, SD = 14.6) and Wellington (corrected mean = 17.4, SD 
= 15.1) on MSSQ scores, F (1, 1694) = 3.8, n.s. A Chi-square test revealed that there 
were no significant differences on self-reported susceptibility to motion sickness across 
city, U (1) = 341618.5, Z = -1.4, n.s. 
Table 6.4. MSSQ scores and single-item self-reported susceptibility to motion sickness in the 
Sydney and Wellington samples  
  City 
  Sydney Wellington 
  
Single item 
self-report 
MSSQ 
score 
M (SD) 
Single item 
self-report 
MSSQ 
score 
M (SD) 
Self-reported 
susceptibility to 
motion sickness 
Not at all  
26.8% 
(N = 192) 
6.1 
(6.1) 
29.4% 
(N = 247) 
6.1 
(6.2) 
 
 Slightly 
susceptible 
42.0% 
(N = 301) 
16.8 
(8.4) 
44.0% 
(N = 370) 
15.2 
(8.0) 
 Moderately 
20.1% 
(N = 144) 
25.3 
(8.5) 
16.1% 
(N = 135) 
25.7 
(8.1) 
 Very much so 
11.0% 
(N = 79) 
33.3 
(9.6) 
10.6% 
(N = 89) 
34.3 
(10.1) 
MSSQ scores Overall - 
17.47 
(11.9) 
- 
16.42 
(11.6) 
 25th percentile - 7.6 - 6.4 
 50th percentile - 17.0 - 15.0 
 75th percentile - 26.0 - 24.1 
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6.2.3 H4: The perception of building motion is independent of susceptibility to 
motion sickness 
Individuals who reported they had felt wind-induced building motion did not have 
significantly different MSSQ scores than those who had never felt any kind of building 
motion in Wellington, U (1) = 19354, Z = -0.3, n.s., or in Sydney, U (1) = 31761, Z = -0.39, 
n.s, shown in Table 6.5.   
Table 6.5. MSSQ scores for those who have and have not felt wind induced building motion 
across city 
 City 
 Sydney Wellington 
Experienced wind-induced 
building motion 
M SD N M SD N 
Never any type of building  17.0 11.7 398 17.1 12.6 121 
Felt wind-induced building 
motion  
17.5 11.5 163 16.6 11.6 326 
6.2.4 H5: Individuals susceptible to motion sickness will prefer to work on 
relatively lower floors compared to the least susceptible individuals and 
H6: Susceptibility to motion sickness will be independent of respondents' 
current work floor 
All full- and part-time employed respondents were included in the following analysis. 
Table 6.6 shows MSSQ scores across preferred work floor (top/middle/bottom) for 
Wellington and Sydney. As reported in Chapter 5, Wellington respondents who indicated 
a preference for working in the lowest third of the building, had significantly higher MSSQ 
scores than respondents who preferred the top third of the building. Respondents with 
the highest MSSQ scores, compared with the lowest MSSQ scores, were 3.5 times more 
likely to prefer working in the lowest third of the building. Despite the preference of highly 
susceptible individuals to work on lower floors, the highest and lowest quartiles of 
susceptibility to motion sickness did not differ on the current floor respondents reported 
working on.  
The Sydney sample showed the same pattern of responses. Significant differences in 
MSSQ scores were found across Sydney respondents’ preferred work floor, K-W (2) = 
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6.8, p < .05. Respondents in the highest quartile of MSSQ scores (the most susceptible 
individuals) were 2.0 times more likely to prefer working in the lowest third of the building 
than the top third, compared with the lowest quartile of MSSQ scores, Mantel-Haenszel  
(1, N = 212) = 4.8, p < 0.05 (95% CI from 1.1 to 3.5). Again, despite stated preferences, 
no significant correlation was found between current work floor and MSSQ scores, rho 
(225) = -.04, n.s. Nor was there a significant relationship between quartile-split MSSQ 
scores and the respondents' current work floor, K-W (3) = 4.4, n.s. Respondents who 
indicated a preference for the top third of the building reported significantly higher MSSQ 
scores compared with the same group in the Wellington sample, U (1) = 24854.5, Z = 
-3.5, p < .05. Respondent preferences for the middle or lower sections of the building did 
not significantly differ by city. 
Table 6.6. MSSQ scores split by workplace preferred work floor (top/middle/bottom) across 
Wellington and Sydney  
 City 
 Sydney Wellington 
Preference for 
building section 
M SD N M SD N 
No preference 15.8 11.8 97 14.0 10.7 145 
Top section 16.5 11.3 222 12.8 10.2 213 
Middle section 17.9 11.7 153 18.4 11.0 205 
Lower section 19.8 12.3 183 18.5 12.7 331 
Total   655   894 
 
 
6.2.5 H7: Highly susceptible individuals will report higher levels of avoidance of 
known motion sickness inducing environments than the least susceptible 
individuals 
Highly susceptible respondents in the Sydney sample showed a similar pattern of 
avoidance of motion environments compared with the Wellington sample, reported in 
Chapter 5. Respondents rated each motion environment, where lower scores indicated 
avoidance of a given environment, shown in Table 6.7. Independent samples t-tests 
compared the highest and lowest quartiles of MSSQ scores across each of the eleven 
environments and Cohen's d evaluated the mean difference. Respondents showed the 
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same pattern of significant results in both cities where highly susceptible individuals were 
more likely to report avoidance of boats / ships, buses, roller coasters, travelling as the 
backseat car passenger, elevators, and movies with shaky cameras.   
The analysis revealed several significant differences between cities. Sydney 
respondents reported significantly more avoidance of aeroplane travel than in Wellington 
respondents. Wellington respondents reported significantly higher avoidance of train 
travel than Sydney respondents. However, the mean scores for both aeroplanes and 
trains were above the mid-point of 3 "not sure / neutral", indicating these scores do not on 
average reflect active avoidance of these activities. In Wellington, highly susceptible 
individuals were significantly more likely to prefer to be the car driver, and to avoid 
playing video games, but Sydney respondents did not display these trends.   
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Table 6.7. Avoidance of motion environments across the highest and lowest quartile MSSQ 
scores by city 
 City 
 Sydney Wellington 
 Susceptibility to motion sickness 
 
Least 
susceptiblea 
Most 
susceptibleb 
 
Least 
susceptiblec 
Most 
susceptibled 
 
 
M 
(SD) 
M 
(SD) 
Effect 
Size 
M 
SD 
M 
SD 
Effect 
Size 
Travel boat / 
ship 
3.3*** 
(1.0) 
2.7*** 
(1.0) 
.62 
3.3*** 
(0.9) 
2.6*** 
(0.8) 
.77 
Aeroplane 
3.9*** 
(0.9) 
3.4*** 
(1.0) 
.51 
3.8 
(0.8) 
3.6 
(1.0) 
 
Bus 3.6*** 
(1.1) 
3.2*** 
(1.0) 
.41 
3.5*** 
(0.9) 
3.0*** 
(1.0) 
.50 
Train 3.8 
(0.9) 
3.6 
(1.0) 
 
3.6** 
(0.9) 
3.3** 
(1.0) 
.23 
Rollercoaster 2.9*** 
(1.2) 
2.2*** 
(1.2) 
.61 
2.9*** 
(1.2) 
2.2*** 
(1.2) 
.57 
Car: Driver 3.9 
(1.2) 
3.8 
(1.3) 
 
3.7** 
(1.2) 
4.0** 
(1.2) 
.25 
Car: 
Passenger 
front seat 
3.7 
(0.9) 
3.5 
(1.0) 
 
3.6 
(0.9) 
3.7 
(1.0) 
 
Car: 
Passenger 
back seat 
3.3*** 
(1.1) 
2.5*** 
(1.0) 
.74 
3.2*** 
(0.9) 
2.4*** 
(0.8) 
.90 
Elevators in 
tall buildings 
3.7*** 
(1.0) 
3.4*** 
(1.0) 
.37 
3.7** 
(0.9) 
3.4** 
(1.0) 
.30 
Video games 2.3 
(1.4) 
2.3 
(1.3) 
 
2.5* 
(1.3) 
2.2* 
(1.3) 
.20 
Movies with 
shaky 
camera work 
2.8*** 
(1.0) 
2.3*** 
(0.9) 
.50 
2.8*** 
(0.9) 
2.3*** 
(0.8) 
.55 
Note: Sample sizes vary slightly with missing responses,  a N=168-171, b N=169-173, c 
N=240-243, d N=244-247 
*p < .05, **p < .01, ***p < .001 
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6.2.6 H8: Reported symptoms of motion sickness will not differ by city and will 
increase in likelihood as susceptibility to motion sickness increases  
Reports of dizziness, annoyance, nausea, headaches and difficulty concentrating were 
all significantly more likely in Wellington than Sydney, shown in Table 6.8. Both cities 
showed low proportions of tiredness, difficulty balancing and a preference to leave the 
building. Reports of feeling 'weird' were similar at approximately 30%. In Sydney, 
respondents were significantly more likely to report no effects of motion sickness than in 
Wellington. The sample size of Sydney office workers was in most cases too small to 
examine the relationship between susceptibility to motion sickness and each symptom of 
motion sickness. Only reports of being unaffected by building motion showed a 
significant relationship with quartile-split MSSQ scores, with a significant gamma score of 
-.70 indicating a strong relationship where individuals who were less susceptible to 
motion sickness were more likely to report being unaffected by building motion.  
Table 6.8. Reported effects of wind-induced tall building motion in office workers across 
Wellington and Sydney  
 City   
 
Sydney sample 
(N = 78) 
Wellington sample 
(N = 227) 
  
Effect of motion % N % N Sig. Chi 
No effect 41.3 33 26.4 60 * 6.1 
Dizzy 12.5 10 24.7 56 * 4.9 
Wanted to leave 8.8 7 15.9 36   
Annoyed 0 0 5.3 12 * 3.9 
Nausea 3.8 3 21.1 48 ** 11.6 
Sick (vomit) 0 0 1.3 3   
Tired / sleepy 1.3 1 4.0 9   
Headache 0 0 5.3 12 * 3.9 
Difficulty concentrating 15.0 12 42.3 96 *** 15.9 
Difficult to balance 3.8 3 5.7 13   
Frightened 20.0 16 11.9 27   
Felt weird 30.0 24 31.7 72   
Other 7.5 9 10.1 23   
* p < .05, ** p < .01, p < .001. 
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6.2.7 H9: Habituation will occur more frequently in Wellington than Sydney  
Reported habituation to motion did not differ between Wellington (mean rank = 121.9) 
and Sydney (mean rank = 122.4), U (1) = 5213.5, Z = -0.05, n.s. Reported habituation in 
both Sydney and Wellington showed a positively skewed distribution indicating a trend 
towards habituation over time (Table 6.9). Both cities showed a modal response of 'not 
sure / neutral'. 
Table 6.9. Reported habituation to wind-induced building motion across city 
 City 
 Sydney sample Wellington sample 
Reported habituation % N % N 
Much more affected over 
time 0.0 0 2.1 4 
More affected over time 5.4 3 11.2 21 
Not sure / neutral 58.9 33 44.9 84 
Less affected over time 25.0 14 31.6 59 
Much less affected over time 10.7 6 10.2 19 
Total 100.0 56 100.0 187 
6.2.8 H10: Judgements of the unpleasantness of motion will be lower in Sydney 
than in Wellington  
Reported judgements of unpleasantness significantly differed across city, U (1) = 6600.5, 
Z = -3.3, p < .01. Wellington respondents judged building motion as significantly more 
unpleasant (M = 6.14, SD = 1.70, N = 226) than Sydney respondents (M = 5.49, SD = 
1.66, N = 78). The mean of both cities were above the mid-point of 5 on the scale ('not 
sure / neutral') tending towards 'unpleasantness'. The mean difference equated to a 
moderate effect size of .39 (Cohen's d). In Sydney, there were no significant correlations 
between ratings of unpleasantness, MSSQ scores, or reported habituation. 
6.2.9 H11: Respondents affected by building motion will engage in more 
compensatory behaviours in Wellington than in Sydney.  
Almost three-quarters of Sydney respondents reported that they did not engage in any 
compensatory behaviours (Table 6.10). Sydney respondents were 2.6 times less likely to 
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engage in compensatory behaviours compared with Wellington, Mantel-Haenszel (1, N = 
307) = 11.4, p < 0.01 (95% CI from 1.5 to 4.6). Only 10-13% of Sydney respondents 
reported that they took a break from their desk to walk around the office, or took a break 
outside the building. Wellington respondents were 2.7 times more likely to walk around 
the office, Mantel-Haenszel (1, N = 307) = 6.8, p < 0.01 (95% CI from 1.3 to 5.6), and 2.7 
times more likely to take a break outside, Mantel-Haenszel (1, N = 307) = 5.8, p < 0.05 
(95% CI from 1.2 to 6.1), compared with Sydney respondents.  
Table 6.10. Strategies used to alleviate negative effects of wind-induced building motion across 
city  
 City   
 Sydney Wellington   
Strategy to alleviate symptoms % N % N 
Pearson  
Chi-square 
Sig. 
No need for a strategy 72.5 58 49.8 113 12.4 *** 
Stand up and walk around 12.5 10 27.8 63 7.6 ** 
Go home sick 0 0 .4 1   
Work from home 0 0 1.3 3   
Work somewhere else 0 0 2.6 6   
Take a break outside building 10.0 8 23.3 53 6.6 * 
Other 6.3 5 9.7 22 .87 n.s. 
* p < .05, ** p < .01, p < .001. 
6.2.10 H12: Respondents will complain about building motion less frequently in 
Sydney than in Wellington 
The majority of Sydney respondents reported they never complained about building 
motion, shown in Table 6.11. Wellington respondents were significantly more likely to 
report complaint than Sydney respondents, X2(1, N = 307) = 23.3, p < .001. In Sydney, all 
complaint was directed to family and co-workers, a similar trend to Wellington, where 
only 7% of complaints were made higher than co-workers. Sydney respondents did not 
complain to any person more senior than their co-workers. 
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Table 6.11. Reports of complaint about wind-induced building motion across city 
  City 
  Sydney Wellington 
  % N % N 
Person the 
respondent 
complained to 
Never complained 85.0 68 54.6 124 
 People at home 5.0 4 11.9 27 
 Co-worker 10.0 8 30.4 69 
 Team manager 0 0 4.8 11 
 CEO 0 0 0.9 2 
 
Landlord / 
Property manager 
0 0 0.9 2 
 Building owner 0 0 0 0 
 Other 0 0 6.2 14 
 
 
6.3 Discussion 
Study 2 compared the occupant response to building motion in Sydney with Wellington. 
Wind-induced building motion occurred more frequently and had a larger adverse effect 
on occupants in Wellington than Sydney.  
6.3.1 H1: A smaller proportion of respondents will report wind-induced building 
motion in Sydney than in Wellington and H2: Sydney respondents will 
report building motion less frequently in Sydney than in Wellington 
Sydney respondents were four times less likely to report wind-induced building motion 
(13.0%) than Wellington respondents (41.7%), supporting hypothesis one. Twenty-four 
of the 80 respondents in the Sydney sample reported they had felt wind-induced motion 
in a building outside of Sydney. The majority of reported wind-induced motion (70%) 
occurred in Sydney, so it seems reasonable to suggest that most of the variation in 
dependent measures across city was due to inter-city differences, mainly Wellington's 
higher mean wind speed. Wind-induced building motion was felt on a significantly higher 
mean floor in the Sydney sample (M = 23.5), 8.2 floors higher than in Wellington (M = 
15.3). The analysis revealed the same trend for building height, Sydney respondents 
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reported motion in buildings that were, on average, 14.3 floors higher than in Wellington. 
Building motion occurred in Wellington for periods 4 times longer than observed in 
Sydney. The higher base-rate of reported wind-induced building motion in Wellington 
and the trend towards perceptible motion occurring on significantly lower floors, is likely 
to be a combination of Wellington's higher mean wind speed, the sustained nature of 
those wind speeds, coupled with relatively more wind-sensitive buildings (IPENZ, 2011). 
The 13.0% base-rate of reported wind-induced building motion in Sydney is higher than 
the 5.8% reported by Burton (2006) likely because the investigators did not specifically 
target the Hong Kong CBD.  
Respondents reported building motion significantly more frequently in Wellington than in 
the Sydney sample, supporting hypothesis 2. Forty-two percent of the Wellington sample 
reported wind-induced building motion occurring monthly or more often, compared with 
28% in the Sydney sample. Forty percent of the Sydney sample reported motion only 
occurred once, whereas 10% of Wellington respondents only felt building motion on one 
occasion. The proportion of respondents who reported building motion of any cause 
(including wind and earthquakes) was twice as high in Wellington (86.8%) compared with 
Sydney (44.1%), most likely due to a combination of Wellington’s higher mean wind 
speed and exposure to earthquakes. Sydney respondents were more likely to report 
building motion in 'other' types of buildings, such as tourist attractions like Sydney 
(formerly Centrepoint) Tower. 
6.3.2 H3: MSSQ scores of respondents in Sydney and Wellington will not 
significantly differ and H4: The perception of building motion is 
independent of susceptibility to motion sickness 
Wellington and Sydney respondents did not differ significantly on MSSQ scores, or 
self-reported susceptibility to motion sickness, supporting hypothesis 3. Given the high 
proportion of reported wind-induced building motion in Wellington, it could be argued that 
the sample was biased towards those most susceptible to motion sickness based on a 
comparison with Golding's (2006) norms. However, given the low proportion of reported 
wind-induced motion in Sydney, the Sydney sample is unlikely biased towards those who 
are highly sensitive to motion sickness. There are several reasons why Golding's (2006) 
norms might differ from this study. Golding's (2006) sample was smaller at 257, 
compared with 1014 in Wellington and 733 in Sydney. Further, Golding's (2006) sample 
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had a low mean age of 26.0 years, compared with 40.5 years in Sydney and 40.3 years in 
Wellington. The samples in this study are closer to the median age of 37 in both New 
Zealand (Statistics New Zealand, 2012) and Australia (Australian Bureau of Statistics, 
2012) and therefore more representative of the respective populations than Golding's 
(2006) norms. 
MSSQ scores in Sydney, as in Wellington, were unrelated to the likelihood of perceiving 
wind-induced building motion, supporting hypothesis 4. This shows that susceptibility to 
motion sickness does not relate to the perception of motion, providing further evidence to 
support that both samples are representative of the general population’s susceptibility to 
motion sickness. This has several implications. If motion perception is independent of 
susceptibility to motion sickness, then there may be two general groups differentially 
affected by motion; those highly susceptible to motion and therefore likely to suffer 
motion sickness, and who are unlikely to suffer classic symptoms of motion sickness but 
suffer low-dose motion sickness (e.g. tiredness). The latter might find motion 
uncomfortable for reasons other than motion sickness; for example, motion might be 
distracting or just generally unpleasant.  
6.3.3 H5: Individuals susceptible to motion sickness will prefer to work on 
relatively lower floors compared to the least susceptible individuals and 
H6: Susceptibility to motion sickness will be independent of respondents' 
current work floor 
In Wellington, the highest quartile of respondents on MSSQ scores (the most susceptible 
individuals) were 3.5 times more likely to prefer working in the lowest third of a tall 
building than those in the lowest quartile. Despite the preference of highly susceptible 
individuals to work on lower floors, the highest and lowest quartiles of susceptibility to 
motion sickness did not differ on mean work floor. The Sydney sample showed the same 
pattern of responses, supporting Hypothesis 5. Those in the highest quartile of MSSQ 
scores were 2 times more likely to prefer to work in the lowest third of the building than 
those in the lowest quartile. As in Wellington, the most and least susceptible individuals 
did not work on a significantly different mean floor, supporting Hypothesis 6. It seems 
likely that because Sydney is much larger than Wellington, there would be a greater 
selection of potential workplaces, and therefore more opportunity to avoid working on 
high floors. However, Sydney CBD workers also appear to be constrained in their choice 
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of work floor as are Wellington workers, though less strongly than in Wellington.  
Walton et al. (2012) investigated reported building motion in Hong Kong using data 
collected by Burton (2006). The authors found that those who felt motion had significantly 
lower MSSQ scores than would be expected given a representative sample of building 
occupants, using the MSSQ score norms of this study. Walton et al. (2012) suggest that 
the most susceptible individuals do not report motion, because they avoid occupying high 
floors, therefore do not have the opportunity to experience building motion. The apparent 
contradiction with the trends observed in the current study might be resolved by 
considering the different wind climates. During infrequent typhoons in Hong Kong, 
occupants have the opportunity to leave tall buildings before motion occurs. Alternatively, 
due to the high proportion of tall residential buildings in Hong Kong, people have 
relatively greater discretion in their selection of residential environments than office 
environments, i.e. highly susceptible Hong Kong residents may choose not to live in tall 
residential buildings.     
6.3.4 H7: Highly susceptible individuals will report higher levels of avoidance of 
known motion sickness inducing environments than the least susceptible 
individuals 
Respondents in the Sydney sample exhibited a similar pattern of avoidance of motion 
environments as observed in Wellington, supporting hypothesis 7. Highly susceptible 
individuals in Sydney were more likely to report avoidance of boats / ships, buses, roller 
coasters, travelling as the backseat car passenger, elevators and movies with shaky 
cameras, however, the analysis indicated several differences between Sydney and 
Wellington. Sydney respondents reported more avoidance of aeroplane travel than 
Wellington respondents, and Wellington respondents reported relatively higher 
avoidance of train travel than in Sydney. However, the mean scores for both of these 
items were above the mid-point of 3 "not sure / neutral", indicating these scores do not 
reflect active avoidance of these activities. Factors other than motion sickness could 
have contributed to the avoidance of different types of transportation, for example, 
Sydney has a more extensive and potentially more effective train network than 
Wellington. Highly susceptible individuals were significantly more likely to prefer to be the 
car driver, and to avoid playing video games in Wellington, Sydney respondents did not 
report these effects. Many parts of Wellington are hilly with narrow winding streets, where 
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Sydney is more flat. Wellington respondents may have exhibited a relatively higher 
preference to drive to avoid motion sickness as car drivers typically suffer less motion 
sickness (e.g. Fukuda, 1975, Dong et al., 2011). 
6.3.5 H8: Reported symptoms of motion sickness will not differ by city and will 
increase in likelihood as susceptibility to motion sickness increases  
Sydney respondents reported significantly fewer effects of motion sickness than in 
Wellington. Reports of dizziness, annoyance, nausea, headaches and difficulty 
concentrating were all significantly more likely in Wellington than Sydney, failing to 
support Hypothesis 8. Both Wellington and Sydney showed similarly low proportions of 
tiredness, difficulty balancing and a desire to leave the building. Presumably, the lower 
rates for overt motion sickness were a result of the lower duration of exposure to building 
motion (a quarter the length of exposure to motion in Wellington) and lower magnitudes 
of motion, suggested by significantly lower mean ratings of unpleasantness. The sample 
size of Sydney office workers is too small to examine the relationship between individual 
symptoms of motion sickness and MSSQ scores, however, respondents were 
significantly more likely to report no symptoms of motion sickness with low MSSQ scores.  
6.3.6 H9: Habituation will occur more frequently in Wellington than Sydney  
Exposure to motion usually results in habituation to motion and the cessation of 
symptoms of motion sickness (Reason & Brand, 1975), though habituation tends to be 
environment-specific (Benson, 1984). Given regular exposure to motion, this study 
hypothesised that Wellington occupants would report higher levels of habituation to 
building motion than Sydney occupants. Reported habituation over time did not differ 
significantly between Wellington and Sydney, failing to support hypothesis 9. Reported 
habituation in both Sydney and Wellington showed positively skewed distributions 
indicating a slight trend towards habituation over time. The modal response in both cities 
was 'not sure / neutral'. This suggests that about half of individuals do not report 
habituation to motion, 35-40% of respondents report some level of habituation, and for 
about 13% of respondents the effects of motion became worse over time. 
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6.3.7 H10: Judgements of the unpleasantness of motion will be lower in Sydney 
than in Wellington  
Wellington respondents judged building motion as significantly more unpleasant (M = 
6.14) than Sydney respondents (M = 5.49), with both ratings above the mid-point of 5 
('not sure / neutral') indicating building motion was mildly unpleasant. In Sydney, the 
analysis revealed no significant correlations between unpleasantness, MSSQ scores, or 
reported habituation, partially supporting hypothesis 10. Given that the Wellington and 
Sydney samples did not differ on MSSQ scores, it would be difficult to argue that Sydney 
respondents were more sensitive to motion, suggesting instead that building motion in 
Wellington is of a relatively larger magnitude (higher levels of acceleration).  
6.3.8 H11: Respondents affected by building motion will engage in more 
compensatory behaviours in Wellington than in Sydney.  
Almost three-quarters of Sydney respondents who reported wind-induced building 
motion also reported that they did not engage in any compensatory behaviours. Sydney 
respondents were 2.6 times less likely engage in compensatory behaviours than 
Wellington respondents. Only 10-13% of Sydney respondents reported that they took a 
break from their desk to walk around the office, or took a break outside the building. 
Wellington respondents were 2.7 times more likely to walk around the office, or take a 
break outside compared with Sydney respondents, supporting Hypotheses 11.  
6.3.9 H12: Respondents will complain about building motion less frequently in 
Sydney than in Wellington 
Wellington respondents were significantly more likely to report complaint than Sydney 
respondents, supporting Hypothesis 12. The majority of Sydney respondents reported 
they never complained about building motion; all complaints were directed towards 
people at home and co-workers, a similar trend to Wellington, where only 7% of 
complaints were issued to people more senior than co-workers. No Sydney respondents 
complained to another individual higher than a co-worker. As argued in Chapter 5, formal 
complaints do not seem to be representative of the actual adverse effects of building 
motion. 
165 
6.3.10 Limitations 
This study was limited by the small sample size in Sydney and low-base rate of reported 
building motion limiting the number of possible analyses. About 30% of reported 
wind-induced motion was from cities other than Sydney, therefore observed differences 
may in part be due to factors other than building and environmental differences between 
the two Wellington and Sydney.  
6.3.11 Conclusions 
Wellington respondents reported wind-induced building four times more frequently than 
in Sydney. Wind-induced building motion was on average felt on significantly higher 
floors and in taller buildings in the Sydney sample than in Wellington, suggesting that the 
combination of high wind speeds and more wind-sensitive buildings contribute to the high 
incidence of reported building motion in Wellington. The lack of between-city differences 
on MSSQ scores, coupled with the independence of motion sickness susceptibility and 
likelihood of reporting wind-induced building motion, implies that the Wellington and 
Sydney samples are representative of the general population's susceptibility to motion 
sickness. While respondents who are highly susceptible to motion sickness in both 
Sydney and Wellington indicated a preference to work on relatively lower floors, MSSQ 
scores showed no relationship with the respondent's current work floor. Individuals 
appear to be constrained in their ability to avoid certain aspects of their work 
environments. Respondents in the Sydney sample exhibited a similar pattern of 
avoidance of motion environments to that observed in Wellington. In Sydney, 
respondents were significantly more likely to report no effects of motion sickness than in 
Wellington. Reports of dizziness, annoyance, nausea, headaches and difficulty 
concentrating were all significantly more likely in Wellington than Sydney. This is likely 
attributable to the longer durations and magnitudes of motion experienced by Wellington 
respondents. Despite more opportunity to habituate to building motion in Wellington, the 
analysis revealed no city-specific habituation differences. Formal complaint was near 
zero in both samples. Occupants almost exclusively complained informally to family and 
co-workers.  
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Chapter 7  
A Longitudinal Study of Occupant Comfort, Wellbeing and 
Work Performance in Wind-Excited Tall Buildings 
Motion simulator studies have dominated research on tall building occupant comfort and 
task performance (e.g. Burton et al., 2004; Burton et al., 2005; Irwin & Goto, 1984; Kanda 
et al., 1990; Shioya et al., 1992; Tamura et al., 2006). Few full-scale studies attempt to 
validate those motion simulator studies, or generally investigate the actual occupant 
response to wind-induced building motion (Goto, 1983; Hansen, Reed & Vanmarcke, 
1973). No full-scale studies have investigated the potential for building motion to impair 
work performance.  
Previous research presented in Chapter 2 shows that building occupants are able to 
perceive building motion, which can cause fear and alarm, and induce motion sickness. 
Chapter 3 described prodromal symptoms of motion sickness including tiredness, low 
motivation, difficulty concentrating, disinclination for work, and low mood, referred to as 
sopite syndrome, which often precede the cardinal symptoms of motion sickness, 
primarily nausea. Studies of building motion have mostly overlooked these symptoms. 
Chapter 4 discussed the occupant response to building motion within a dose-response 
model, proposing that the low-acceleration and low-frequency characteristics of building 
motion are more likely to induce low-dose, or prodromal, symptoms of motion sickness 
than outright nausea. These symptoms may be subtle and occupants may misattribute 
them to work stress and fatigue. A large-scale survey of central business district workers 
(CBD) workers in Wellington, New Zealand, reported in Chapter 5, revealed that 
susceptibility to motion sickness influenced occupants' responses to building motion. 
Highly susceptible individuals indicated a preference to work on low floors, but were 
equally likely to work on the highest floors of tall buildings as the least susceptible 
individuals. Motion sickness was more likely to affect these highly susceptible individuals, 
who attempted to mitigate their symptoms by taking more breaks outside of their building. 
Despite their discomfort, no building occupants formally complained directly to building 
owners. An identical survey administered in Sydney, Australia, presented in Chapter 6, 
supported these findings; however, respondents reported a lower incidence of building 
motion. 
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The current study used a longitudinal methodology to investigate the effects of 
wind-induced building motion on the work performance, comfort and wellbeing in a 
sample of office workers located on high floors of wind-sensitive tall buildings in 
Wellington, New Zealand. A longitudinal method allows for the measurement of 
wellbeing, comfort and work performance during no- motion conditions, during calm 
winds, compared with motion conditions, during high-winds, to establish changes in the 
occupant response of which they may not be aware. The current study is partly 
exploratory, as there are no standardised measures to assess the effects of building 
motion on occupants, therefore the study included a range of possible responses to 
motion.   
This study used a quasi-experimental design, comparing the responses of office workers 
on high floors with a sample of office workers located near the ground floor to serve as a 
control condition, across the course of 8 months. Henceforth, the 'experimental condition' 
refers to office workers working on high floors, and the 'control condition' refers to 
participants working near the ground floor. Online CAPI (Computer Aided Personal 
Interviewing) surveys measured the occupant response to building motion.  
CAPI surveys allow for unobtrusive access to participants in office settings and the 
time-controlled distribution of surveys. Participants completed approximately 20 surveys 
each, across a range of wind conditions from maximum hourly gust speeds of 1.2 m/s to 
29.0 m/s. The survey measured seven main responses to building motion: (1) reported 
perceptible building motion including the strength and duration of that motion, (2) 
high-dose symptoms of motion sickness, including nausea and dizziness, (3) low-dose 
symptoms of motion sickness, particularly sopite syndrome (tiredness, low motivation, 
and low mood), (4) self-reported work performance and objectively measured task 
performance, (5) reported comfort during building motion and objection to building 
motion, (6) compensatory behaviours, how participants adapt to or cope with building 
motion, (7) the effects of other environmental factors such as noise, light and 
temperature.  
It was originally intended that building accelerations would be measured for each 
experimental participant, however, some building owners would not allow their buildings 
to be instrumented, discussed in Chapter 4. Therefore, the study measured building 
accelerations where possible, and supplemented the analysis with estimated 
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accelerations based on wind speeds. This method provides the best possible data under 
the significant constraints on access to tall building environments. 
This study investigated the following hypotheses that address the conscious and 
unconscious effects of building motion on occupants and how occupants respond to, or 
compensate for the effects of motion:  
H1: Participants will report a higher incidence of motion sickness during 
building motion than under no-motion conditions  
H2: Participants will report a higher incidence of low-dose symptoms of 
motion sickness during building motion than under no-motion conditions  
H3: Building motion will degrade work performance  
H4: Building motion will degrade performance on the Stroop Test  
H5: Participants will report higher levels of discomfort during building motion 
than under no-motion conditions 
H6: Participants will spend longer durations outside of the office environment 
during building motion  
7.1 Method 
7.1.1 Participants 
Respondents who completed the ground-level survey in Wellington (Chapter 5) and 
indicated interest in the longitudinal study received an invitation to participate in the 
longitudinal study. Participants were required to reside in Wellington for the majority of 
the study period in order to take part. Participants gave their informed consent prior to 
commencing the study, and received $200 (NZD) at the conclusion. 30 individuals who 
worked in the top third of a tall building, or above the 10th floor, who reported perceptible 
wind-induced building motion in their workplace were assigned to the experimental 
condition. 30 individuals who worked on the 3rd floor or lower were assigned to the 
control condition. Participants were unaware of their condition assignment. Experimental 
and control conditions were matched on gender and MSSQ scores where possible. 
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Social media identified two additional participants assigned to the experimental 
condition. A final recruitment phase offered previously recruited participants information 
packs which they could give to their work colleagues, acquiring an additional 22 
participants in the experimental condition and 24 in the control condition.  
47 of the 54 participants were included in the experimental condition. The sample 
excluded one participant who reported she was pregnant; morning sickness-induced 
nausea may have confounded reports of motion-induced nausea. 7 participants were 
excluded who did not report any instances of building motion during the duration of the 
study. 53 of the 54 recruited participants were included in the control condition. One 
participant was excluded after withdrawing from the study after 3 completed surveys. 
One participant was excluded who late in the study revealed he/she worked on the 5th 
floor and was therefore did not satisfy the requirements for the control condition. One 
participant in the experimental condition moved to a low floor after two surveys and 
therefore reassigned to the control condition with their initial surveys omitted. Participants 
in the experimental condition, on average, worked on the 16th floor (M =15.8, SD = 6.0) 
and participants in the control condition worked on the 2nd floor (M = 1.8, SD = 0.96).  
The sample was strongly biased towards females (73%, N = 73; Males = 27%, N = 27), 
however the bias was evenly represented across conditions, X2(1, N = 100) = 0.1, n.s. 
Participants reported an average age of 39.6 years, with no significant differences 
between conditions, U (1) = 1218.5, Z = -.004, n.s. The majority of participants reported 
their occupation category as ‘professional’ (51.6%, N = 47), followed by ‘clerical / 
administration’ (28.6%, N = 26), and ‘manager’ (15.4%, N = 14). The remaining 4 
participants reported their occupation as ‘technician’ or ‘other’. Occupation did not 
significantly differ between conditions, X2(4, N = 91) = 3.2, n.s. Participants reported a 
mean MSSQ score of 17.9 (SD = 10.2); 1.5 points higher than the mean score reported in 
the Wellington sample of 16.4 (SD = 11.6, N = 994). The difference was small, equating 
to 0.14 standard deviations, which likely accounted for the over representation of females 
in sample, who have higher MSSQ scores on average. MSSQ scores did not differ 
significantly by condition, U (1) = 1116.5, Z = -.72, n.s.  
Across the 231 study days (8 months), the 108 participants completed 2,261 surveys. 
892 completed surveys were usable in the experimental condition and 1017 in the control 
condition. 248 surveys were completed by excluded participants and were omitted. A 
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further 69 surveys were excluded which were not completed on allocated survey days. 
Several participants changed jobs, resulting in a change of work floor, or their 
organisation moved to a different floor that was outside of the requirements of either the 
control or experimental conditions. 35 surveys were excluded on this basis.  
Time spent in the office provides a measure of potential exposure to building motion; 
therefore, it was prudent to exclude cases where participants spent a significant 
proportion of their workday outside the office. The amount of time participants were 
inside their office building was calculated by subtracting the individuals’ arrival time at 
work from the time at which they completed the survey, also subtracting the time they 
reported being outside the office (potentially lunch and other breaks). Time in the office 
was normally distributed with a mean of 380.5 (SD = 101.7) minutes, or 6.3 hours, at the 
time of survey completion. The large standard deviation indicated that time in the office 
varies significantly, and was therefore included in later analyses as a covariate. The 
analysis excluded 20 cases (2.4%) where participants reported they were outside of the 
office for longer than 3 hours.  
The CAPI survey asked participants if they were experiencing any personal issues 
outside of work that might affect their responses for the purpose of excluding these 
surveys. However, personal issues were reported by 21.1% of the sample (N = 478), a 
proportion too large to exclude. Personal issues were included as a fixed factor in 
appropriate analyses to control for any effects on dependent measures.    
Participants in the experimental condition completed an average of 18.9 (SD = 4.5) 
surveys, and 19.2 (SD = 4.6) in the control condition. The survey took a mean of 5.3 
minutes to complete (SD = 1.99).  
7.1.2 Materials 
7.1.2.1 CAPI Survey 
The 55-item CAPI survey included seven sections, each on a separate web page. The 
survey was custom designed and programmed in HTML, using JavaScript for interactive 
components and PHP for the data output. The CAPI survey was short, in order to be 
unobtrusive to work conditions and to minimise the potential for participant fatigue. 
Existing short scales were used where possible (e.g. the Karolinska Sleepiness Scale), 
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however, some scales used elsewhere were not suitable because of their length (e.g. the 
Positive and Negative Affect Scale; Watson, Clark, & Tellegen,1988). Items related to 
specific behaviours were included in the survey because they have higher validity than 
items assessing abstract concepts (Smith & Kendall, 1963). The CAPI survey was pilot 
tested to assess length, usability, ease of understanding, and output errors. Figure 7.1 
shows an example CAPI survey page. Appendix C contains a reproduction of the full 
survey.   
 
Figure 7.1. Example page of the CAPI survey showing the items about work performance 
Ten items investigated characteristics of building motion. One item asked if building 
motion was felt that day (‘yes’, ‘no’ or ‘not sure’). The cause of reported motion was 
requested (‘wind’, ‘earthquake’ or ‘other’). One item asked participants to judge the 
strength of building motion on a 5-point ordinal scale with the anchors: 1 = ‘Very strong 
(building motion is unmistakable)’, 2 = ‘Strong (building motion is obvious)’, 3 = ‘Moderate 
(building motion is easily perceptible)’, 4 = ‘Mild (building motion is noticeable)’, 5 = ‘Very 
mild (building motion is barely noticeable)’. The estimated duration of motion was 
requested on an 11-point scale from 0 to 100% of the day. One item asked how 
participants first became aware of motion (auditory, visual, comment from colleague, 
vestibular cues or other). One item requested the time that participants' first perceived 
building motion. Four items asked participants to judge building motion on 11-point 
scales regarding: the unpleasantness of motion (0 = ‘very pleasant’, 10 = ‘very 
unpleasant’), the effect on work performance (0 = ‘large negative influence’, 10 = ‘large 
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positive influence’), preference to leave the building and work somewhere else (0 = 
‘strong preference to stay where I am’, 10 = ‘Strong preference to move somewhere 
else’), and the acceptability of motion (0 = ‘acceptable’, 10 = ‘objectionable’). 
Six items requested information about work breaks. One item asked the number of times 
that the participant left the building during the day. Participants were asked to judge how 
distracted they were from work, i.e. losing concentration, non-work communication 
(email, phone calls, texts), talking to colleagues, daydreaming, taking short breaks on the 
internet, on an 11-point scale anchored at, 0 = ‘very distracted’, 5 = ‘occasionally 
distracted’, 10 = ‘not at all distracted’. Four items examined participants’ lunch breaks; 
whether they had been for lunch, whether they went outside the building or not, the length 
of their lunch break, and main reason for staying inside or leaving the building. Fourteen 
items investigated participant wellbeing. Participants rated their tiredness on the 
Karolinska Sleepiness Scale (Akerstedt & Gillberg, 1990). Akerstedt and Gillberg (1990) 
validated the Karolinska Sleepiness Scale against alpha and theta 
electroencephalographic (EEG) measures, and studies of shift work have used this 
scale. The 9-point scale was anchored at 1 = ‘extremely alert’, 3 = ‘alert’, 5 = ‘neither alert 
nor sleepy’, 7 = ‘sleepy - but no difficulty remaining awake’, 9 = ‘extremely sleepy - 
fighting sleep’. One item requested the number of caffeinated beverages consumed 
during the day. One item measured mood on an 11-point scale anchored at, 0 = 
‘unhappy’, 5 = Not sure / neutral, 10 = ‘happy’. Participants were asked if they were 
experiencing any of the following 8 symptoms (‘yes’ or ‘no’): nausea, headache, upset 
stomach, cold / flu, dizzy, poor coordination (i.e. clumsy), difficulty concentrating, 
generally feel a bit "off" (i.e. not feeling quite normal). If participants answered ‘yes’ to any 
item, they were also asked to rate the severity of that symptom on an 11 point scale 
anchored at, 0 = ‘very mild symptoms’, 5 = ‘moderate symptoms’, 10 = ‘very severe 
symptoms’. One item measured general motivation on an 11-point scale from, 0 = ‘very 
unmotivated’, 10 = ‘very motivated’. One item asked if participants had taken any of the 
following medications: analgesics (painkillers), motion sickness tablets and / or cold / flu 
pills. The final item requested information about the number of sick days taken off work in 
the previous two weeks, including the date of leave taken.  
Fourteen items examined self-reported work performance. Many work performance 
scales exist (e.g. the Endicott Work Productivity Scale, Workplace Activity Limitations 
Scale, Work Instability Scale), however, most are proprietary, too lengthy, or measure 
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specific types of work. Therefore, the survey used custom self-reported performance 
items. Self-reported measures have been found to correlate reasonably highly with 
supervisor-reported ratings at r = .64 (Higgins et al., 2007). Three items asked 
participants to rate their work performance that day on 11-point scales, first, relative to 
their average work performance (0 = ‘much less productive than average’, 5 = ‘about 
average’, 10 = ‘much more productive than average’), second, relative to their 
co-workers or people in a similar position (0 = ‘much less productive’, 5 = ‘about the 
same’, 10 = ‘much more productive’), third, compared to their perception of their 
maximum possible performance (from 0 to 100%). Participants were asked to rate their 
level of agreement with 10 statements about their work performance on a 5-point Likert 
scale, anchored at, 1 = ‘strongly disagree’ and 5 = ‘strongly agree’, e.g. ‘I feel enthusiastic 
about work today’, ‘I have been putting off demanding (or frustrating) tasks today’ and 
‘Work is boring me today’. The survey included one item from the Endicott Work 
Productivity Scale (Endicott & Nee, 1997), “I have done everything that my manager 
expects of me”.  
Seven items assessed work activities on the survey day and asked about dynamic 
characteristics of participants' workspace. Temperature was rated on the 7-point 
ASHRAE (American Society of Heating, Refrigeration, and Air-Conditioning Engineers, 
1966) scale (1 = ‘cold’, 2 = ‘cool’, 3 = ‘slightly cool’, 4 = ‘neutral’, 5 = ‘slightly warm’, 6 = 
‘warm’, 7 = ‘hot’). Light levels were rated on a similar 7-point scale (1 = ‘much too dark’, 2 
= ‘too dark’, 3 = ‘comfortably dark’, 4 = ‘comfortable’, 5 = ‘comfortably bright’, 6 = ‘too 
bright’, 7 = ‘much too bright’). Noise annoyance was rated from 0 = ‘not at all’ to 10 = 
‘extremely’ (Fields et al., 2001). Participants reported the time they arrived at work and 
how long they had spent outside the building during the day. One item asked participants 
to indicate the proportion of time they had spent at their desk during the day. Finally, 
participants were asked to rate how stressful the day had been relative to an average day 
from, 0 = ‘much less stressful than a typical day’, 5 = ‘a normal level of stress for my 
workplace’, to 10 = ‘much more stressful than a typical day’. 
The Stroop Test (Stroop, 1935) is one of the most commonly used tests to measure 
attention and reaction time (Sagaspe, 2006), shown in Figure 7.2. The Stroop Test 
presents participants with a target word, e.g. 'blue', and requires participants to report the 
colour of the text, not the word itself. Sleep deprivation can reduce both accuracy and 
reaction time on the Stroop Test (Cain et al., 2011). Lan et al. (2011) showed that thermal 
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comfort also affects performance on the Stroop performance. The Stroop Test was 
preferred over alternative tests because it is relatively fast and simple to administer in an 
automated format; more sophisticated tests are difficult to administer given the limitations 
of web design. Participants were asked if they used a mouse or touch screen to respond, 
and were given the option of restarting the test if they were forced to stop the test due to 
a work distraction. Twenty-six trials were completed with an inter-trial period of 700 
milliseconds, using the six classic colours (Stroop, 1935); red, green, blue, yellow, brown, 
and purple. Each trial was randomised by trial type (‘congruent’, where the target word 
and colour matched, or ‘incongruent’, where the target word and colour were different), 
target word (six colours), target colour (six colours), and correct response side (right or 
left). The main dependent measures recorded were average reaction time, percentage of 
correct responses, ‘Stroop Effect’ (the average reaction time to incongruent trials minus 
the average reaction time for congruent trials). During the first 3 surveys, participants 
were forced to complete 26 practice trials before completing the test trials.  
 
Figure 7.2. The Stroop Test page. Participants were asked to respond to the colour of the word, in 
this example the correct answer was red. Participants would correctly answer by clicking using the 
mouse or touching the touch screen the button below and to the right of the target word.  
The final section asked four closing questions. One item asked where the survey was 
completed, e.g. 'laptop / PC at my desk in my office’. The participants reported any 
significant personal stress that day (‘yes’ or ‘no’). Two final items asked for general 
comments and any technical problems regarding the CAPI survey. The survey concluded 
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with one of 100 amusing quotes presented at random. 
7.1.2.2 Exit Survey 
A 43-item exit survey asked about the participant’s current workplace, job satisfaction 
and job stress. Job satisfaction and job stress may affect work performance (Halkos & 
Bousinakis, 2010). Participants reported their current work floor, total number of floors in 
the building, the building name, their start date in the building, and workspace location.  
Participants who moved offices during the study completed the above items again about 
their new workplace. Participants were asked to rate their agreement with a series of 
statements about their current workplace on 5-point Likert scales from ‘strong disagree’ 
to ‘strongly agree’, e.g. ‘I find my job very satisfying’, ‘I would take a 10% pay increase to 
move to a significantly less comfortable work environment’, ‘I would prefer to work on a 
lower floor’ and ‘Participating in this study made me pay more attention to building 
motion’. Two items asked participants to judge how ‘stressful’ and ‘demanding’ their job 
was on a 5-point scale from ‘not at all’ to ‘very’. The exit survey included the Motion 
Sickness Susceptibility Questionnaire (MSSQ) (see Chapter 5). Finally, participants gave 
their age and occupation.  
7.1.2.3 Building Vibration Monitoring 
Building accelerations were recorded using 5 Gulf Coast Data Concepts (GCDC) X6-1A 
3-axis accelerometers, recording continuously at 20 Hz at high gain (+- 2g) and 16-bit 
resolution. Each accelerometer was fitted with a 2 GB microSD card, sufficient to capture 
continuous data for 43 days. The accelerometers did not filter the acceleration data. 
Technicians at the Hong Kong University of Science and Technology (HKUST) used a 
motion simulator (Kwok & Wong, 2012) to calibrate each accelerometer against a 
reference Honeywell QA650 accelerometer. Appendix D presents the calibration method 
and results. Above 3 mG, all GCDC accelerations were within 10% of the reference 
accelerations. Below 3 mG, the accelerometers were less accurate. A protective box 
housed each accelerometer. A USB cable plugged into a power socket powered the 
accelerometer (Figure 7.3). A label on the lid of the box provided instructions and the 
contact details of the investigators in the event that anyone in the participant's 
organisation was suspicious of the box.     
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Figure 7.3. GCDC X6-1A 3-axis self recording accelerometer, shown in protective housing with 
power cable  
7.1.2.4 Wind data 
The New Zealand National Institute of Water and Atmospheric Research (NIWA) climate 
database supplied wind data from the Wellington airport station (3445) at sea level. A 
5.8m pole supported the anemometer, shown in Figure 7.4. The airport anemometer was 
selected because it provides the most unobstructed and reliable measurement of wind 
speed available. Maximum hourly gust speeds were the main measure of wind speed. A 
terrain-height multiplier corrected wind speeds from the airport at 5.8 m (terrain category 
2) to a reference height of 150 m in the Wellington CBD (terrain category 4), providing a 
terrain height multiplier of 1.15.  
 
Figure 7.4. The Wellington airport anemometer (Station 3445) at a height of 5.8m (reproduced 
with the permission of the NZ Metservice, 2013) 
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7.1.3 Procedure 
The study commenced on the 23rd of April 2012 and continued for 8 months until 
mid-December 2012. The study aimed to collect approximately 20 surveys per 
participant, spread evenly across low, medium and high wind categories, as shown in 
Table 7.1. The Beaufort Scale provided a basis for wind categories: 'low' (calm breeze), 
'medium' (moderate breeze) and 'high' wind (strong breeze and higher) categories. A 
systematic method of survey day selection ensured the balancing of wind categories 
across the survey period, and to minimise potential priming (expectancy) effects. The 
following 8 rules determined survey day selection: (1) Wind category sample sizes must 
be balanced at all times, within two counts of the other categories, (2) There must be at 
least 7 days between surveys, (3) After seven days, the next required wind category was 
selected; if the day was not appropriate, the process was repeated on the following day, 
(4) If the wind categories had equal counts, a survey was sent on the 10th day regardless 
of the wind category, (5) Surveys were always sent during extreme high wind events 
(over 14 m/s), (6) If high wind days were required, the 5-day weather forecast was used 
to predict an appropriate survey day, (7) Survey days were balanced across weekday 
where possible, (8) Additional surveys were sent out to participants with low response 
rates, which could occur independent of the above rules.  
Table 7.1. Categorisation of wind categories on the Beaufort Scale  
Wind category 
Beaufort 
Scale a 
Gust wind 
speed (m/s) 
Description 
Low  0 to 3 0 to 8.9 Calm to gentle breeze 
Medium  4 to 5 9 to 18.4 
Moderate breeze to fresh 
breeze 
High 6+ 18.5 
Strong breeze to near 
gale (gales and storms) 
a National Meteorological Library and Archive (2010) 
The study concluded when participants reached 25 surveys or the survey period elapsed. 
Participants received survey invitations between 2:30 and 3:00 pm. The invitation 
contained a link to the survey website. The instructions required participants to wait until 
the next survey if they were not in their office building, or were too busy to complete the 
survey. The first page of the CAPI survey requested participants' unique password for 
matching purposes. The password also ensured that only study participants could fill out 
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CAPI surveys. The CAPI survey presented the six core survey pages (building motion, 
breaks, wellbeing, general work information, work environment and the Stroop Test) in 
random order to minimise order effects. Participants responded to items on each page by 
clicking on check boxes for categorical items, and ‘radio buttons’ (buttons that allow for 
mutually exclusive responses) for scale items. For time-based questions, participants 
could add hours and minutes using ‘+’ and ‘-’ buttons. The Stroop Test required 
participants to respond by indicating the colour of a target word by clicking on one of two 
buttons, one with the correct answer, the other incorrect. Participants received feedback 
after each trial. The survey automatically progressed to the next random page after all 
trials were completed. The survey always concluded with the closing questions and 
comments section. The CAPI survey automatically emailed the data to a secured email 
account once completed for compilation into a master file, later transferred to SPSS 
(Statistical Package for the Social Sciences) for analysis.  
Participants who were permitted to place accelerometers in their building received the 
accelerometers via mail, and were instructed to place the accelerometer box on a level 
surface unlikely to be bumped, preferably a window ledge. The accelerometers 
automatically began recording when plugged into the power mains. The accelerometers 
recorded data for 3 to 4 weeks, and then participants mailed the accelerometers back to 
the investigators. Six usable acceleration records were collected. The following formula 
provided conversion from raw accelerometer counts to mG: 
 mG = (Count / 16384) x 1000 
Participants received the exit survey via email, and returned the completed survey also 
by email.  
7.1.3.1 Analysis 
The main independent measures used in the analysis were 'motion perception category' 
(no building motion reported, 'possible' motion, and 'definite' motion) and scores on the 
Combined Motion Sickness scale (CMSS); a scale derived from the exploratory analyses 
used to investigate the effects of reported low- and high-dose symptoms of motion 
sickness on dependent measures. The main dependent measures were work 
performance (e.g. self-reported work performance), comfort (e.g. objection to motion) 
and wellbeing (e.g. nausea and tiredness).     
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Most analyses in this study use mixed models, particularly Multi-level Modelling (MLM) 
and Mixed Model Binary Logistic regression. Linear mixed effects and random coefficient 
analysis are interchangeable terms for MLMs (Walls, Jung & Schwartz, 2006). 
Longitudinal data analysis requires a different analysis method to a simple random 
sample. Surveys completed by one individual are more similar, or correlated, to each 
other than surveys completed by another individual. Statisticians created mixed models 
to analyse longitudinal data (and stratified data) and account for the non-random 
characteristics of data collection. MLMs are robust to non-normality, data points with 
uneven time intervals and unbalanced sample sizes, as well as automatically accounting 
for missing data; provided they are missing at random (Heck et al., 2010).  
MLMs treat each participant as a ‘random’ or 'mixed' factor, and instead of creating an 
overall regression equation, each participant is given a separate regression equation 
with their own intercept and in some cases their own regression slope (Heck et al., 2010). 
This method allows for analyses to examine changes over time for each participant 
(within subjects) and differences between different groups (between subjects). For 
example, the effects of changes in wind speed on work performance is a within subjects 
comparison, and the effect of gender on work performance is a between subject 
comparison.  
Most researchers present MLMs in table form with a large number of statistics. 
Presenting results in this format would result in an excessive number of tables; therefore, 
the analysis only presents complex multi-variable analyses in tables. Pseudo-R2 
provides a measure of the variance explained by a MLM, calculated by squaring the 
correlation of the model’s predicted values against the values of the dependent measure 
(Peugh, 2010).  
MLMs can initially be difficult to interpret. Table 7.2 provides an example table of MLM 
results. MLMs are can be treated similarly to other regression analyses. Each 
independent variable has an intercept; the main difference is that the intercept is the 
mean intercept across all participants. Each analysis also has a slope indicating the 
strength of the relationship between the independent and dependent variables. 
Continuous variables, such as temperature in this example, are the simplest to interpret. 
Here, the estimate (or mean regression slope across participants) is 0.2, so for each 
increase of 1 degree in temperature, there is an associated significant increase in the 
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dependent measure, work performance. Categorical variables, here day of the week, are 
more difficult to interpret. The last category provides a ‘reference category’, or 
comparison category. Friday has a value of ‘0’, as the analysis compares 'Friday' with 
itself. Wednesday has an estimate of 0.45, which means that on Wednesdays work 
performance is on average 0.45 points higher than on Fridays. Again, work performance 
is higher on Mondays than Fridays. The random parameters give an indication of how 
much of the variation in both the intercept and slope the fixed factors explain in the 
analysis.  
Table 7.2. Example table of a Multi-level Model 
Parameter Work performance 
Fixed effects  
Level 1 (within subjects)  
     Intercept 5.2 (0.17)*** 
     Day of week  
          Monday  0.90 (0.17)* 
          Wednesday 0.45 (0.24)* 
          Friday 0a 
     Temperature  0.20 (0.05)*** 
Random parameters  
Level 2 (between subjects)  
     Residual 2.69 (0.14)*** 
     Intercept 0.26 (0.09)** 
  
Schwartz’s Bayesian 
Criterion 
3084.3 
Pseudo-R2 .09*** 
  
 Mean 
Estimated marginal means 
for Gender b 
 
     Male 2.35 (.14) 
     Female 4.26 (.13) 
Note: Standard Error in parentheses  
a 0 estimates represent the reference category 
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Estimated marginal means are the simplest to interpret. Estimated marginal means 
function as normal means, except the analysis statistically controls for the influence of 
other independent variables. While the standard errors (SE) are informative, and 
represent variation, they are not a reliable estimate of significant differences between 
groups, because the data is nested; therefore, significant differences can occur with 
larger than usual standard errors (Heck et al., 2010). 
7.2 Results 
Descriptive statics are presented first and followed by an examination of 6 hypotheses. 
All categorical data were weighted to control for differential response rates (the number 
of completed surveys), which usually resulted in small corrections. All analyses used 
unweighted data as MLMs automatically account for unbalanced data. 
7.2.1 Reported building motion 
This section reports descriptive statistics exploring the frequency of occurrence, cause, 
strength and duration of building motion. Table 7.3 shows that most reported motion was 
wind induced, and was more likely in the experimental condition (78.7%) than the control 
condition (52.6%).   
Unexpectedly, 86 surveys in the control condition reported wind-induced building motion. 
Wind-induced motion reported in the control condition is likely caused by vibration of 
windows buffeted by wind, for example, not low frequency building sway, which is 
unlikely to occur on the 3rd floor and lower. However, subsequent analyses compare the 
effects of reported motion in the experimental condition with the control condition to 
determine any potential effects on occupants. Participants in the experimental condition 
reported wind-induced building motion on an average of 4.6 days (SD = 2.9), with a 
minimum of 1 day, and a maximum of 12. A small proportion of respondents reported 
earthquake induced building motion. ‘Other’ causes of motion were predominantly road 
works and vibration caused by people walking around within the building. All further 
analyses examine only wind-induced building motion.  
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Table 7.3. Cause of reported building motion across condition 
 Condition 
 Experimental Control 
Motion cause % N % N 
Wind 78.7 219 52.6 86 
Earthquake 2.3 6 2.9 5 
Other 19.0 53 44.5 73 
Total 100.0 279 100.0 164 
 
Table 7.4 shows the judged strength of building motion, duration of motion and 
participants' first mode of perception in the experimental condition. In each survey, 
participants reported whether they perceived 'no-motion', 'possible' building motion, or 
'definite' building motion. ‘Definite’ motion was, on average, reported to be stronger than 
‘possible’ building motion. Just over half of all participants judged building motion as 'mild' 
or 'very mild' (56.1%). Just over a fifth of participants rated motion as 'strong' or 'very 
strong'. The reported duration of motion was on average longer on ‘definite’ motion days 
than ‘possible’ motion days. Building motion was most often detected by vestibular or 
proprioceptive cues (i.e. felt the sensation of motion), more likely so when participants 
reported 'possible' motion. Auditory cues accounted for a third of reported ‘definite’ 
motion, and visual cues accounted for only about 10% of reported motion.  
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Table 7.4. Reported strength, duration and first mode of perception of wind-induced building 
motion across ‘possible’ and ‘definite’ motion perception in the experimental condition 
 Motion perception category 
 Possible motion Definite motion 
Judged strength of motion % N % N 
Very mild (building motion is barely noticeable) 80.2 73 22.3 29 
Mild (building motion is noticeable) 14.3 13 33.8 44 
Moderate (building motion is easily perceptible) 4.4 4 22.3 29 
Strong (building motion is obvious) 1.1 1 13.8 18 
Very strong (building motion is unmistakable) 0 0 7.7 10 
Total 100 91 100 130 
Reported percentage of the day that motion was 
reported 
    
10% 70.1 61 40.9 52 
20% 14.9 13 21.3 27 
30% 9.2 8 13.4 17 
40% 4.6 4 3.1 4 
50% 1.1 1 9.4 12 
60% 0 0 4.7 6 
70% 0 0 3.9 5 
80% 0 0 2.4 3 
90% 0 0 0.8 1 
Total 100 87 100 127 
First mode of perception     
Heard 12.2 11 31.8 41 
Saw 11.1 10 7.0 9 
People 2.2 2 0.8 1 
Felt 71.1 64 60.5 78 
Other 3.3 3 0 0 
 100 90 100 129 
 
7.2.1.1 Wind speed and the perception of motion 
'Definite' building motion (15.2%) accounted for a higher proportion of responses than 
'possible' motion in the experimental condition (11.2%), shown in Table 7.5. This 
suggests that ‘possible’ motion occurred at or near the threshold of perception. 
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Therefore, subsequent analyses include ‘motion perception category’ as an independent 
variable with 3 categories referred to as ‘no motion’, ‘possible motion’ and ‘definite 
motion’.  
Table 7.5. Reported wind-induced building motion, by condition across wind category  
  Condition 
  Experimental Control 
Wind 
category 
 % N % N 
All wind 
categories 
No building motion 73.6 595 91.2 832 
Possible building motion - 
Not sure, it is difficult to tell 
11.2 90 5.3 49 
 Definite building motion - felt 
occasionally or for most of the 
day 
15.2 123 3.5 32 
 Total 100.0 809 100.0 912 
Low 
(0 to 8.9 
m/s) 
No building motion 92.3 146 95.7 160 
Possible building motion - 
Not sure, it is difficult to tell 
4.2 7 2.4 4 
 Definite building motion - felt 
occasionally or for most of the 
day 
3.5 6 1.9 3 
 Total 100 159 100 167 
Medium 
(9 to 18.4 
m/s) 
No building motion 83.1 158 93.2 200 
Possible building motion - 
Not sure, it is difficult to tell 
11.0 21 4.6 10 
 Definite building motion - felt 
occasionally or for most of the 
day 
5.9 11 2.2 5 
 Total 100 190 100 215 
High 
(18.5+ m/s) 
No building motion 63.2 291 88.9 471 
Possible building motion - 
Not sure, it is difficult to tell 
13.7 63 6.5 35 
 Definite building motion - felt 
occasionally or for most of the 
day 
23.1 107 4.6 24 
 Total 100 460 100 530 
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The following section examines only those participants in the experimental condition. For 
participant reports of wind-induced building motion to be credible, reported perception of 
motion should relate to independently measured wind speeds. For participants in the 
experimental condition, a Multi-Level Model (MLM) determined the relationship between 
motion perception category ('no motion', ‘possible’, ‘definite’) and wind speeds.  
Daily average gust speeds were calculated as the mean of hourly maximum gust speeds 
between 8am and 6pm for each day. A significant main effect of motion perception 
category was observed on average gust wind speeds, F (2, 802) = 72.1, p < .001. 
Estimated marginal average wind speeds (at reference height of 150m) were lowest 
when no building motion was reported (12.67 m/s, SE = 0.30). Wind speeds were 
significantly higher when motion was reported as 'possible' (15.32 m/s, SE = 0.58), and 
significantly higher again when motion reported as 'definite' (18.34 m/s, SE = 0.52).  
Participants reported the majority of building motion during 'high' wind conditions. A MLM 
examined the relationship between participants’ judgements of the strength of building 
motion and wind speeds. Participants reported 'definite' motion more frequently on 'high' 
wind days and 'possible' motion more often on 'moderate' wind days. A significant main 
effect of judged strength of building motion was observed, F (1, 805) = 150.0, p < .001, 
where an increase of one point (on the five-point scale from 'very mild' to 'very strong') 
corresponded, on average, to an increase of 2.1 m/s (SE = 0.2) in average wind speeds 
(intercept = 14.9, SE = 0.2).  
Previous reported wind speeds were daily averages, representative of wind across the 
entire workday. The approach can however mask transient peak winds. Table 7.6 shows 
the mean, minimum, maximum and 85th percentile for variation in wind speeds for each 
day (from 8am to 6pm) across both wind category (low, medium and high) and motion 
perception category. On surveyed days, the highest hourly maximum gust speed was 
29.0 m/s. An examination of the maximum (or 85th percentiles) shows that upper range 
of wind speeds were identical across motion perception category. This merely shows that 
even on the windiest days, some participants did not report perceptible building motion, 
likely because the buildings may have been shielded from a particular wind direction, the 
participant might have been outside of the building during the period, or other factors. 
The means however support the above analyses that objective measures of wind 
significantly relate to reported building motion.      
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Table 7.6. Descriptive statistics describing the variation in maximum gust speeds for each day across wind category and motion perception 
category for the experimental condition 
 Daily maximum gust speed (m/s) 
 
M Min. Max. 
85th 
percentile 
Wind category Low M 7.9 4.3 11.3 10.6 
Median 8.2 3.6 11.8 11.4 
SD 1.1 1.5 1.9 1.7 
Min 4.2 2.4 5.3 5.3 
Max 9.1 6.6 13.0 12.5 
85th percentile 9.1 6.6 13.0 12.5 
Medium M 12.6 8.6 15.9 15.3 
Median 11.6 8.3 15.4 14.5 
SD 2.8 2.7 3.5 3.4 
Min 9.2 4.7 10.7 10.7 
Max 17.9 13.6 21.9 20.9 
85th percentile 15.8 12.4 20.7 20.7 
High M 20.2 17.1 22.9 22.4 
Median 19.8 16.0 22.5 21.9 
SD 2.3 2.5 2.7 2.6 
Min 16.9 14.3 18.4 18.0 
Max 25.1 21.9 29.0 28.1 
85th percentile 22.9 
 
 
 
20.7 
 
 
 
26.1 
 
 
 
24.8 
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 Daily maximum gust speed (m/s) 
 
M Min. Max. 
85th 
percentile 
Motion perception 
category 
No motion 
perceived 
M 
14.8 11.4 17.7 17.2 
Median 16.9 13.0 19.0 18.4 
SD 5.4 5.8 5.3 5.3 
Min 4.2 2.4 5.3 5.3 
Max 25.1 21.9 29.0 28.1 
85th percentile 20.7 16.6 23.7 22.8 
Possible M 17.7 14.3 20.5 20.1 
Median 18.2 14.8 21.3 20.8 
SD 4.6 4.6 4.7 4.7 
Min 7.3 3.6 9.4 9.0 
Max 25.1 21.9 29.0 28.1 
85th percentile 22.7 19.9 24.8 24.6 
Definite M 20.7 17.0 23.7 23.2 
Median 20.9 16.6 24.3 24.3 
SD 3.9 4.4 4.1 4.0 
Min 7.3 2.4 9.4 9.0 
Max 25.1 21.9 29.0 28.1 
85th percentile 25.1 21.9 29.0 28.1 
Note: Wind speeds at reference height of 150m 
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7.2.1.2 Estimated building accelerations 
It was not possible to directly measure accelerations in all tall buildings in the current 
study, due to some building owners opposing the instrumentation of their building and the 
impracticality of the long-term instrumentation of a large number of buildings. Carpenter, 
Cenek and Flay (2013) devised a formula to estimate building accelerations from wind 
speeds, taking into account the natural frequency, density and floor plan area of a 
building. Appendix E describes the method of estimation in detail. Acceleration data that 
building owners / organisations did permit the collection of in the current study largely 
support the estimated accelerations using Carpenter, Cenek and Flay's (2013) equation. 
Figure 7.5 shows an example of a large acceleration trace from one building. Carpenter, 
Cenek and Flay's (2013) equation was used to estimate building accelerations across the 
entire period of data collection in the current study. 
 
Figure 7.5. An example of a large acceleration trace from Building F showing a peak acceleration 
of 6.7 mG 
Figure 7.6 shows the estimated accelerations during reported building motion for 11 
buildings in the current study. The maximum predicted acceleration for each building was 
noted on survey days where participants reported 'definite' building motion. These peak 
accelerations are shown against the natural frequency of each building, compared with 
the AIJ (2004) curves for motion perception. Each curve predicts the proportion of 
occupants able to perceive motion at a given acceleration. For example, at the H-50 
curve, 50% of occupants are likely to perceive motion. Figure 7.6 shows that 9 of the 11 
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predicted peak accelerations are clearly in the acceleration range perceptible to building 
occupants. Peak accelerations in 2 buildings have an estimated magnitude where half of 
the building occupants are likely to perceive motion. Five are at accelerations where 
approximately 30% of occupants are likely to feel motion. In 3 cases, predicted peak 
accelerations are likely to be felt by less than 10% of occupants. Estimated accelerations 
for the majority of study buildings were around or slightly below the H-30 curve, where 
30% are expected to report perceptible motion, which is in agreement with the proportion 
of occupants, 23.1%, who reported 'definite' perceptible motion, on average, across all 
'high' wind days, shown in Table 7.5. 
 
Figure 7.6. Predicted peak accelerations in 11 study buildings compared to the AIJ (2004) curves 
estimating the proportion of occupants who will perceive frequency dependent peak accelerations  
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The preceding analyses show that the majority of predicted peak accelerations are 
clearly above the threshold of perception for motion. The following analysis tests whether 
higher peak accelerations occur during reported building motion compared with 
no-motion conditions. The perception of motion is frequency dependent, thus changes in 
accelerations across different building are not directly comparable in a traditional single 
analysis. Using multi-level models, 'within subjects' comparisons are possible, so 
predicted accelerations that occur during no motion perception, for one participant, can 
be compared with accelerations that occur during perceptible motion. Therefore, the 
analysis controls for the effects of frequency dependence. However, the relative 
differences in accelerations between non-perceptible and perceptible accelerations are 
averaged across individuals, frequencies, and buildings, therefore the magnitudes of the 
reported means are relatively uninformative. The trends they reveal, however, show 
whether participant reports of motion are due to actual changes in building accelerations.  
The first MLM examines reported motion (no motion, 'possible' or 'definite' motion) across 
predicted accelerations based on the highest maximum gust recorded on any given 
survey day, representing the highest acceleration likely to occur that day. Significantly 
higher predicted building accelerations were observed during ‘definite’ motion (M = 1.57) 
than ‘possible’ motion (M = 1.02). ‘Possible’ motion was reported at significantly higher 
accelerations than when no building motion was reported (M = 0.72), F (2, 614.7) = 77.9, 
p < .001, shown in Table 7.7. The mean values are uninformative as they are values 
averaged across different buildings, individuals and different frequencies. The mean 
differences, however, reveal a significant and consistent trend showing that participants 
report motion at significantly higher accelerations.  
A second MLM examines reported motion across predicted accelerations based on the 
mean of the hourly maximum gusts recorded on any a given survey day, giving an 
indication of whether reported perceptible motion was the result of brief strong gusts or 
sustained strong gusts. A significant difference was again observed, F (2, 617.3) = 74.3, 
p < .001. The highest mean accelerations occurred during 'definite' motion, significantly 
higher than during 'possible' motion, which was also significantly higher than during no 
motion. This analysis shows that perceptible motion was typically sustained, and the 
categories of motion perception not only differentiated a single peak of high acceleration, 
but sustained high accelerations. These results support earlier analyses showing that 
participant reports of motion are supported by wind speeds. Together, these analyses 
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show that participant reports of motion are credible.  
Table 7.7. Predicted accelerations based on the maximum daily gust speed and the average of 
the hourly maximum gust speeds across motion perception category  
 Measure of wind speed used to predict accelerations 
 
Peak maximum gust 
Average of the hourly 
maximum gust speeds 
 Peak acceleration (mG) Peak acceleration (mG) 
Motion perception 
category 
M SE M SE 
No motion perceived 0.72 0.06 0.46 0.04 
Possible motion 1.02 0.09 0.69 0.06 
Definite motion 1.57 0.08 1.06 0.06 
 
7.2.2 The perception of motion on low wind days  
In a small number of cases in the experimental condition (1.6%, N = 16), participants 
reported perceptible building motion on a day classified as 'low wind', with a daily mean 
gust speed of less than 8.9 m/s. The perception of building motion on these days may be 
erroneous. However, transitory perceptible building motion cannot be discounted. 
Analyses conducted with the omission and inclusion of these cases showed no 
significant differences. Therefore, the following analyses included these 13 cases.   
7.2.3 H1: Participants will report a higher incidence of motion sickness during 
building motion than under no-motion conditions and H2: Participants will 
report a higher incidence of low-dose symptoms of motion sickness during 
building motion than under no-motion conditions  
The following analyses examine the incidence of high and low-dose symptoms of motion 
sickness across motion perception category, and across study condition, shown in Table 
7.8. All participant responses were binary; symptoms were felt or not felt. A mixed effects 
binary logistic regression analysis examined the effect of study condition on each of the 
seven measures of wellbeing and symptoms of motion sickness. For each comparison, 
all surveys where motion was reported were excluded (i.e. wind, earthquake and ‘other’ 
motion) to establish whether the control and experimental conditions differed under 
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normal, or no-motion conditions. Only one significant difference was found; participants 
in the control condition had a significantly higher base-rate of upset stomachs (estimate = 
0.70, p < .01).  
Mixed effects binary logistic regression analyses examined the effects of the 
independent variables (fixed effects) of motion perception category, personal issues and 
MSSQ scores on symptoms of motion sickness across. Significantly higher rates of 
nausea were observed during ‘possible’ and ‘definite’ building motion than under 
no-motion conditions. The base-rate incidence of nausea was close to 0, which 
increased by 10% during building motion. Of the 47 experimental participants 12 (25.5%) 
reported nausea; one individual reported nausea on 5 separate occasions. Headaches 
were unrelated to building motion, but participants reporting personal issues were more 
likely to report headaches. Dizziness was rare during no-motion conditions, but 
increased significantly, by 16%, during ‘definite’ building motion. Impaired coordination 
was unrelated to building motion, but weakly related to MSSQ scores and reported 
personal issues. Difficulty concentrating was unrelated to building motion, but again, 
personal issues caused an increase in reported difficulty concentrating. Participants 
were 10% more likely to report feeling ‘off’ during ‘possible’ or ‘definite’ building motion 
than no-motion conditions. Participants were also more likely report feeling 'off' when 
they reported personal issues.  
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Table 7.8. The frequency of reported measures of wellbeing at different levels of wind-induced building motion (‘no motion’, ‘possible’ and 
‘definite') compared with the control condition 
  Condition Mixed effects binary logistic regression  
 
 
Experimental Control 
Perceived motion: No, 
possible, definite 
  
 
 
No motion 
perceived 
'Possible' 
motion 
'Definite' 
motion 
  
No / 
definite 
Possible / 
definite 
MSSQ 
Personal 
issues 
Symptom 
Symptom 
felt 
% N % N % N % N Coefficient Coefficient Coefficient Coefficient 
Nausea No 97.8 582 87.9 80 87.0 107 96.8 823     
 Yes 2.2 13 12.1 11 13.0 16 3.2 27 1.53*** 0.03 -0.001 1.11* 
 Total 100.0 585 100.0 91 100.0 123 100.0 850     
              
Headache No 83.0 494 85.6 77 78.9 97 84.4 717     
 Yes 17.0 101 14.4 13 21.1 26 15.6 133 0.27 0.05 -0.03 0.52* 
 Total 100.0 595 100.0 90 100.0 123 100.0 850     
              
Upset 
stomach 
No 93.1 554 93.4 85 88.6 109 96.2 818 0.49 0.97 -0.05* 0.13 
 Yes 6.9 41 6.6 6 11.4 14 3.8 32     
 Total 100.0 595 100.0 91 100.0 123 100.0 850     
              
Dizzy No 94.3 561 84.6 77 78.0 96 96.0 816     
 Yes 5.7 34 15.4 14 22.0 27 4.0 34 1.66*** 0.83 -0.05* 0.71* 
 Total 100.0 595 100.0 91 100.0 123 100.0 850     
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  Condition Mixed effects binary logistic regression  
 
 
Experimental Control 
Perceived motion: No, 
possible, definite 
  
 
 
No motion 
perceived 
'Possible' 
motion 
'Definite' 
motion 
  
No / 
definite 
Possible / 
definite 
MSSQ 
Personal 
issues 
Symptom 
Symptom 
felt 
% N % N % N % N Coefficient Coefficient Coefficient Coefficient 
Impaired 
coordination 
No 97.5 580 90.1 82 94.4 117 95.6 813     
 Yes 2.5 15 9.9 9 5.6 7 4.4 37 0.59 -0.97 -0.07*** 1.31*** 
 Total 100.0 595 100.0 91 100.0 124 100.0 850     
              
Difficulty 
concentrating 
No 81.8 487 75.8 69 78.9 97 82.7 703     
 Yes 18.2 108 24.2 22 21.1 26 17.2 146 0.49 0.12 -0.01 1.80*** 
 Total 100.0 595 100.0 91 100.0 123 99.9 850     
              
Generally 
feeling ‘off’ 
No 82.5 491 70.3 64 72.6 90 79.5 676     
 Yes 17.5 104 29.7 27 27.4 34 20.5 174 0.72** -0.02 -0.01 1.88*** 
 Total 100.0 595 100.0 91 100.0 124 100.0 850     
* p < .05, ** p < .01, *** p < .001.   
Note: For each comparison, no symptoms = 0, presence of the symptom = 1 
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7.2.3.1 Tiredness 
A MLM on reported tiredness showed significant effects of motion perception category, F 
(2, 777.4) = 4.9, p < .001, personal issues, F (1, 783.1) = 55.0, p < .01, and time in the 
office, F (1, 740.3) = 9.0, p < .01, shown in Table 7.9. Gender, age and MSSQ scores did 
not affect tiredness. Estimated marginal means revealed that participants were 
significantly more tired during 'definite' building motion (M = 5.69, SE = 0.18) than during 
no-motion conditions (M = 5.18, SE = 0.12). Participants were more tired, but not 
significantly so, during 'definite' motion (M = 5.69, SE = 0.18) than 'possible' motion (M = 
5.39, SE = 0.20). Ratings of tiredness during ‘definite’ building motion were skewed 
towards higher levels of tiredness, therefore the median and modal responses are also 
reported. Participants reported a median of 5 (‘neither alert or sleepy’) on no-motion and 
‘possible’ motion days, which increased to 6 (‘neither alert or sleepy’ and ‘Sleepy, but no 
difficulty remaining awake’) on 'definite' motion days. The modal response during 
no-motion days was 3 (‘alert’), which increased to 7 (‘Sleepy, but no difficulty remaining 
awake’) on ‘possible’ and ‘definite’ motion days. Participants who reported personal 
issues (M = 5.96, SE = 0.17) were significantly more tired than participants with no 
personal issues (M = 4.88, SE = 0.12). Participants who reported having spent longer 
periods in the office reported lower levels of mean tiredness than participants who spent 
shorter periods in the office.  
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Table 7.9. The effect of reported building motion, personal issues and exposure to motion on 
ratings of tiredness  
 Condition 
 Experimental Control 
Parameter Estimate (standard error) Estimate (standard error) 
Fixed Effects   
Intercept 7.18 (0.38)*** 6.97 (0.45)*** 
Level 1 (within subjects)   
     Motion perception 
category 
  
          No motion -0.51 (0.17)** -0.54 (0.31) 
          Possible motion -0.30 (0.23) -0.46 (0.39) 
          Definite motion 0a 0a 
     Personal issues   
          No -1.08 (0.15)*** -0.49 (0.14)** 
          Yes 0a 0a 
     Time in the office (hours) -0.15 (0.05)** -0.13 (0.04)** 
Random Parameters   
Level 2 (between subjects)   
Residual 2.49 (0.13)*** 2.36 (0.12)*** 
Intercept 0.37 (0.11)** 0.54 (0.14)*** 
   
 Pseudo-R2 .09*** .03*** 
Note: Standard Error in parentheses  
a 0 estimates represent the reference category 
* p < .05, ** p < .01, *** p < .001  
 
Table 7.10 shows tiredness across the three categories of motion perception as a 
proportion of respondents who indicated they were 'tired' (scores collapsed across 1 to 
4), neither tired nor alert (a midpoint score of 5), or 'alert' (scores collapsed across 6 to 9). 
During no motion conditions, 40% of respondents report some level of tiredness, which 
increases to 55% during 'definite' building motion.    
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Table 7.10. Proportions of respondents reporting tiredness across motion perception  
Motion perception 
category 
Tiredness % N 
No motion perceived Alert 41.8 248 
 
Neither tired nor sleepy 17.8 106 
 
Tired 40.4 240 
 
Total 100 594 
Not sure - Maybe Alert 37.5 34 
 
Neither tired nor sleepy 19.7 18 
 
Tired 42.8 39 
 
Total 100 90 
Motion definitely felt Alert 29.6 36 
 
Neither tired nor sleepy 15.3 19 
 
Tired 55.1 67 
 
Total 100 121 
 
Motion perception category did not significantly affect tiredness in the control condition, F 
(2, 891.2) = 1.5, n.s. Perceptible building motion on low floors did not significantly 
increase tiredness. However, participants who reported personal issues were 
significantly more tired, than those who did not report personal issues, F (1, 895.7) = 
11.4, p < .01, and, on average, participants who reported longer periods in the office 
reported lower levels of tiredness, F (1, 641.1) = 10.7, p < .01.  
7.2.3.2 Mood, motivation, stress and distraction 
MLMs investigated the effect of motion perception category, MSSQ scores and personal 
issues on mood, motivation, stress and distraction in the experimental condition. No 
significant effect of motion perception or MSSQ scores were found on mood (including 
interactions), however those suffering personal issues reported significantly lower mood 
(M =5.48, SE = 0.16) than the remainder of participants (M = 6.96, SE = 0.12), F (1, 
789.3) = 110.9, p < .001. Responses were similar for motivation. Motion perception, 
MSSQ scores, or the interaction had no significant effect. However, participants who 
reported personal issues reported significantly lower motivation (M =5.09, SE = 0.17) 
than other participants (M = 6.6, SE = 0.13), F (1, 787.2) = 99.1, p < .001. Motion 
perception, MSSQ scores, or personal issues did significantly affect judgements of work 
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stress.  
Participants judged their distraction from work activities (e.g. losing concentration, 
non-work communication, talking to colleagues, daydreaming, taking short breaks on the 
internet). Lower scores represented higher levels of distraction (0 = ‘very distracted’, 5 = 
‘occasionally distracted’, 10 = ‘not at all distracted’). Distraction from work activities was 
significantly affected by both building motion, F (2, 778.76) = 4.4, p < .05, and personal 
issues, F (1, 787.0) = 71.5, p < .001. MSSQ scores did not affect reported distraction. 
Respondents reported a mean level of distraction of 5.52 (SE = 0.16) during no-motion 
conditions, almost identical to the mean during ‘possible’ motion of 5.51 (SE = 0.23), both 
slightly above the mid-point of occasionally distracted. Participants reported being 
significantly more distracted during ‘definite’ motion with a mean of 4.92 (SE = 0.23). 
Participants who reported personal issues were significantly more distracted (M =4.56, 
SE = 0.22) than those who did not reported personal issues (M = 6.07, SE = 0.16). 
Reported strength and duration of building motion did not significantly affect mood, 
motivation, stress or distraction. 
Motion perception category in the control condition did not significantly affect mood, F (2, 
890.2) = .53, n.s., motivation, F (2, 889.9) = .49, n.s., stress, F (2, 893.4) = .33, n.s., or 
distraction, F (2, 890.0) = 2.2, n.s. However, personal issues resulted in significantly 
lower mood, F (1, 896.4) = 43.0, p < .001, lower motivation, F (1, 895.9) = 21.6, p < .001, 
and higher levels of distraction, F (1, 896.4) = 29.3, p < .001, but work stress was not 
significantly affected, F (1, 899.6) = .04, n.s.  
7.2.3.3 Combined Motion Sickness Scale (CMSS) 
The previous analyses showed that building motion increases the likelihood of induced 
nausea, dizziness, feeling ‘off’, tiredness and distraction. The ‘Combined Motion 
Sickness Scale’ (CMSS) provides a combined scale to reflect the effect of both low- and 
high-dose symptoms of motion sickness. Each participant was given a score for each 
symptom they reported (nausea, dizziness, feeling ‘off’, tiredness and distraction), 
depending on the severity of their reported symptoms (from 'very mild' to 'very severe'). If 
no symptom was reported, a score of ‘0’ was given for that symptom, scores in the lower 
half of the scale were assigned a ‘1’, and scores in the upper half a ‘2’. The total of 
symptoms scores comprised the CMSS. To allow estimated marginal means to be 
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examined in MLMs, an ordinal 4-point scale version of the scale was derived into the 
following categories: ‘no symptoms’, ‘low’, ‘medium’ and ‘high’ each category increasing 
in 2 point increments.  
MLMs examined the effect of motion perception category and personal issues on CMSS 
scores. In the control condition, no significant effect of motion perception category was 
found on CMSS scores, F (2, 879.1) = .27, n.s. In the experimental condition, significant 
main effects of motion perception category, F (2, 776.7) = 21.2, p < .001, and personal 
issues were observed, F (1, 785.7) = 146.5, p < .001. The lowest CMSS scores were 
observed under conditions of no-motion 1.37 (SE = 0.09), which increased significantly 
during 'possible' building motion 1.75 (SE = 0.15), and significantly increased again to 2.1 
(SE = 0.14) during 'definite' motion.  
MSSQ scores were unrelated to CMSS scores, F (1, 40.9) = 1.3, n.s. Individuals who 
reported personal issues had significantly higher CMSS scores (M = 2.38, SE = 0.09) 
than those who did not report personal issues (M = 1.1, SE = 0.13). The model had a 
pseudo-R2 of 0.19. Table 7.11 shows categories of CMSS scores across motion 
perception. 'Moderate' CMSS scores were 2.3 times more likely to occur during ‘definite’ 
building motion than under no-motion conditions, and 'high' CMSS scores were 3.2 times 
more likely during ‘definite’ motion than under no-motion conditions.  
The CMSS scale, as previously stated, is a combination of low- (feeling ‘off’, tiredness 
and distraction) and high-dose symptoms (nausea and dizziness). The CMSS scale was 
divided into low-dose and high-dose subscales. During 'definite' building motion, 
participants reported a mean score of 1.36 for low-dose symptoms and a mean of 0.34 
for high-dose symptoms. This shows that, on average, low-dose symptoms account for 
80% of CMSS scores.    
 
 
 
 
 
200 
Table 7.11. Combined Motion Sickness Scale (CMSS) scores across category of motion 
perception 
  CMSS category  
 
 
No 
symptoms 
Low Medium High Total 
Condition Motion 
perception 
category 
% N % N % N % N % N 
Experimental No motion 
perceived 
46.1 274 41.2 245 10.9 65 1.8 11 100 595 
 Not sure - 
Maybe 
30.0 27 48.9 44 17.8 16 3.3 3 100 90 
 Motion 
definitely 
felt 
25.6 31 43.8 53 24.8 30 5.8 7 100 121 
Control No motion 
perceived 
39.0 322 47.7 394 12.1 100 1.2 10 100 826 
 Not sure - 
Maybe 
28.6 14 57.1 28 10.2 5 4.1 2 100 49 
 Motion 
definitely 
felt 
28.1 9 59.4 19 6.2 2 6.2 2 100 32 
In the experimental condition, a MLM on CMSS scores revealed a significant main effect 
of motion duration, F (1, 800.0) = 20.4, p < .001. Longer durations of reported building 
motion were associated with higher CMSS scores (estimate = 0.16; SE = 0.03). Table 
7.12 shows a categorical representation of duration across CMSS scores. The table 
includes combined categories where sample sizes were small.  
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Table 7.12. Reported duration of exposure to building motion across CMSS scores in the 
experimental condition  
 CMSS category   
 
No 
symptoms 
Low Medium High Total 
Duration of 
exposure 
% N % N % N % N % N 
No motion 46.0 273 41.3 245 11.0 65 1.7 10 100 593 
10% 30.8 37 43.3 52 20.0 24 5.8 7 100 120 
20-30% 25.4 15 45.8 27 22.0 13 6.8 4 100 59 
40% and 
higher 
20.0 7 51.4 18 25.7 9 2.9 1 100 35 
 
7.2.4 H3: Building motion will degrade work performance  
Participants judged their work performance on an 11-point scale, with the midpoint 5 
indicating ‘about average’ performance and higher scores indicating better than average 
performance. Two MLMs examined each of the three measures of work performance; 
one to determine the effects of perceptible building motion, the second to investigate the 
effects of CMSS scores on work performance in the experimental condition. In model 1, 
self-reported work performance was significantly affected by motion perception category, 
F (2, 782.2) = 3.1, p < .05, personal issues, F (1, 783.4) = 52.2, p < .001, and time in the 
office, F (1, 705.3) = 15.6, p < .001, as shown in Table 7.13. Self-reported work 
performance was significantly lower during 'definite' building motion, compared with 
‘possible’ and ‘no-motion’ conditions. Performance was also significantly lower when 
participants reported personal issues.  
In model 2, the inclusion of CMSS scores caused motion perception category to be 
non-significant, because CMSS scores accounted for variance previously explained by 
motion perception. Model 2 therefore excluded motion perception. Model 2 showed an 
improved fit for the data indicated by a lower Schwartz Bayesian Criterion. Self-reported 
work performance was lowest with 'high' CMSS scores (M = 4.23), significantly lower 
than work performance reported with no CMSS symptoms (M = 6.41) or low CMSS 
scores (M = 5.61). High and moderate symptoms did not significantly differ; both 
indicated below average performance. The effect size of the performance impairment, 
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comparing no CMSS symptoms to high CMMS scores, was large at 0.91; indicating that 
performance was impaired by almost a whole standard deviation.  
Ten 5-point items examined different aspects of work performance. The individual items 
were summed to form the 'Work Performance Scale'. The scale had good psychometric 
properties, with a mean of 53.84 and a standard deviation of 3.61 and a Cronbach’s 
Alpha of .85. A high Cronbach’s Alpha indicates that items are highly correlated, and 
therefore form a cohesive scale. The same pattern of results was observed for the work 
performance scale and absolute judgements of work performance, although these 
models exhibited slightly higher pseudo-R2' values.   
In the control condition, motion perception category was unrelated to self-reported work 
performance (M = 6.7, SD = 1.5), F (2, 882.4) = 1.4, n.s., absolute judgements of work 
performance (M = 7.5, SD = 1.2), F (2, 885.0) = 0.6, n.s., and the work performance scale 
(M = 56.3, SD = 4.9), F (2, 882.4) = 0.3, n.s.  
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Table 7.13. The effect of reported building motion, personal issues, low-dose symptoms of building motion and time in the office on work 
performance compared to average, absolute performance and the work performance scale in the experimental condition  
 
Work performance compared to 
average 
Absolute performance (% effort) 
Work performance scale (10 
items) 
Parameter 
Model 1 
(Estimate) 
Model 2 
(Estimate) 
Model 1 
(Estimate) 
Model 2 
(Estimate) 
Model 1 
(Estimate) 
Model 2 
(Estimate) 
Fixed effects       
Level 1 (within subjects)       
     Intercept 3.47 (0.17)*** 2.76 (0.47)*** 4.38 (0.34)*** 4.03 (0.40)*** 46.26 (1.27)*** 44.22 (1.47)*** 
     Motion perception category       
          No motion  0.41 (0.17)*  0.43 (0.15)**  1.44 (0.54)  
          Possible 0.49 (0.24)*  0.32 (0.20)  0.48 (0.75)**  
          Definite  0a  0a  0a  
     Personal issues       
          No 1.08 (0.15)*** 0.52 (0.15)*** 1.07 (0.13)*** 0.49 (0.13)*** 4.10 (0.47)*** 1.90 (0.46)*** 
          Yes 0a 0a 0a 0a 0a 0a 
     Time in office (hrs)  0.20 (0.05)*** 0.19 (0.05)*** 0.20 (0.04)*** 0.18 (0.04)***   
     CMSS scores       
          No symptoms  2.18 (0.38)***  1.90 (0.32)***  8.14 (1.14)*** 
          Low  1.38 (0.37) ***  1.15 (0.31)***  4.80 (1.12)*** 
          Medium  0.50 (0.39)  0.11 (0.32)  1.45 (1.17) 
          High  0a  0a  0a 
    
 
 
 
 
 
 
 
 
 
 
204 
 
Work performance compared to 
average 
Absolute performance (% effort) 
Work performance scale (10 
items) 
Parameter 
Model 1 
(Estimate) 
Model 2 
(Estimate) 
Model 1 
(Estimate) 
Model 2 
(Estimate) 
Model 1 
(Estimate) 
Model 2 
(Estimate) 
Random parameters       
Level 2 (between subjects)       
     Residual 2.69 (0.14)*** 2.34 (0.12)*** 1.90 (0.01)*** 1.62 (0.08)*** 25.55 (1.33)*** 21.20 (1.10)*** 
     Intercept 0.26 (0.09)** 0.36 (0.10)*** 0.44 (0.12) 0.44 (0.11)*** 7.70 (1.93)*** 7.05 (1.74)*** 
       
Schwartz’s Bayesian Criterion 3084.3 2985.0 2839.2 2713.6 4899.7 4742.5 
Pseudo-R2 .09*** .16*** .11*** .22*** .11*** .25*** 
       
Estimated marginal means for 
CMSS scale b 
Mean Effect size Mean Effect size Mean Effect size 
     No effects 6.41 (0.14) 0.91 7.29 (0.13) 0.83 56.65 (0.51) 0.92 
     Low 5.61 (0.13) 0.58 6.54 (0.13) 0.50 53.31 (0.49) 0.54 
     Moderate 4.73 (0.18) 0.21 5.50 (0.16) 0.05 49.97 (0.61) 0.17 
     High 4.23 (0.37) 0c 5.39 (0.34) 0c 48.51 (1.15) 0c 
Note: Standard Error in parentheses  
a 0 estimates represent the reference category 
b No effects (N = 336), low (N = 344), moderate (N = 105), high (N = 20)  
c Compared to the reference of high 
* p < .05, ** p < .01, *** p < .001  
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7.2.5 H4: Building motion will degrade performance on the Stroop Test  
Workplace interruptions during the Stroop Test created a long tail on the distribution of 
mean reaction times. Therefore, surveys with the longest 5% (N = 40) of mean reaction 
times were excluded, creating a cut-off at 1881 milliseconds. In 12 surveys, participants 
completed the Stroop Test on touch screens. These participants showed significantly 
longer mean reaction times than participants who used a mouse, and were therefore 
excluded. Mean accuracy on the Stroop Test was high at 98.3% correct (SD = 3.63). 
Therefore, a composite measure of speed and accuracy provided a more comprehensive 
measure of performance. Reaction times were reverse scored and standardised into 
z-scores and combined with standardised accuracy scores. Higher scores indicated 
better performance.  
In the experimental condition, a MLM revealed significant effects of age, F (1, 41.1) = 
26.6, p < .001, motion perception category, F (2, 724.2) = 3.7, p < .05, MSSQ scores, F 
(1, 42.5) = 4.4, p < .05, and CMSS scores, F (1, 734.5) = 6.1, p < .05, on speed / 
accuracy, as shown in Table 7.14. Experimental participants performed better on 
measures of speed / accuracy during ‘definite’ motion than ‘possible’ motion or under 
no-motion conditions. However, performance on the Stroop Test decreased as CMSS 
scores increased. This indicates that work performance degradation only occurred in the 
presence of symptoms of motion sickness. The performance difference between high 
CMSS scores and no symptoms, equated to a moderate effect size of 0.34. The 
difference between moderate scores and no symptoms was lower, with a small effect 
size of 0.13. Speed / accuracy increased a small but significant amount as MSSQ scores 
increased.  
The Stroop Effect is a different measure of performance on the Stroop Test; the average 
response time to incongruent trials (the word colour and text differed) minus congruent 
trials (the word colour and text matched). The Stroop Effect is thought to be a measure of 
the suppression of the automatic tendency to read the word rather than detect the text 
colour (Stroop, 1935), rather than simple speed / accuracy as in the previous analysis. 
Neither motion perception category, personal issues, or time in the office, significantly 
affected Stroop Effect scores. A significant effect of age was found on the Stroop Effect, 
F (1, 38.3) = 12.8, p < .001, where the Stroop Effect became greater as age increased 
206 
(estimate = 56.23, SE = 15.7).  
In the control condition, main effects of motion perception category, F (2, 811.0) = 28.6, p 
< .001, CMSS scores, F (1, 791.6) = 6.7, p < .05, and age, F (1, 43.0) = 28.6, p < .001, 
were observed on standardised speed / accuracy scores. MSSQ scores had no 
significant relationship with speed / accuracy scores, MSSQ, F (1, 42.0) = .07, n.s. 
The perception of motion in the experimental condition, overall, improved Stroop 
performance, however, the control condition showed the reverse trend. Building motion 
reported on high floors is likely due to building sway and on low floors is more likely due to 
the shuddering of windows for example. Further, MSSQ scores were unrelated to Stroop 
performance, indicating that low frequency building motion was not the cause of 
perceived building motion in the control condition. As in the experimental condition, 
higher CMSS scores were related to impaired Stroop performance, though differences 
were smaller than in the experimental condition. Nauseogenic environments are not the 
only cause of elevated CMSS scores and may have occurred in the control condition for 
a variety of reasons other than low frequency building motion.   
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Table 7.14. The effect of motion perception category, age, CMSS scores, and MSSQ scores on 
standardised speed and reaction time scores on the Stroop Test across condition 
 Condition 
 Experimental Control 
Parameter Estimate Estimate 
Fixed effects   
Level 1 (within subjects)   
     Intercept 0.89 (0.28)** 0.58 (.29)* 
     Motion perception category   
          No motion  -0.26 (0.11)* 0.54 (0.20)** 
          Possible -0.02 (0.16) 0.58 (0.25)** 
          Definite  0a 0a 
     CMSS scores -0.08 (0.03)*  
Level 2 (between subjects)   
     MSSQ 0.02 (0.01)* 0.00 (0.01) 
      Age  -0.35 (0.07)*** -0.40 (0.07)*** 
   
Random parameters   
Level 2 (between subjects)   
     Residual 1.01 (0.01***) 0.96 (0.05)*** 
     Intercept 0.22 (0.06)*** 0.33 (0.09)*** 
   
Schwartz’s Bayesian Criterion 2248.72 2430.19 
Pseudo-R2 .14*** .14*** 
   
Estimated marginal means for 
the CMSS scale b 
Mean 
 
     No effects 0.29 (0.10) 0.02 (0.13) 
     Low 0.16 (0.10) -0.07 (0.12) 
     Moderate 0.06 (0.13) -0.32 (0.15) 
     High -0.314 (0.25) -0.13 (0.29) 
Note: Standard Error in parentheses  
a 0 estimates represent the reference category 
b No effects (N = 336), low (N = 344), moderate (N = 105), high (N = 20)  
* p < .05, ** p < .01, *** p < .001.  
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7.2.6 The effect of low-dose symptoms of motion sickness on mood and 
motivation 
Perceptible building motion did not directly affect mood and motivation. The following 
analyses investigated potential effects of CMSS scores on mood and motivation. In the 
experimental condition, it was found that CMSS scores significantly affected mood, F (3, 
775.0) = 36.0, p < .001. Participants with no CMSS symptoms reported a mean 
happiness rating of 6.99 (SE = 0.14) indicating moderate happiness (0 = 'unhappy, '5 = 
‘neutral’, 10 = ‘happy’). Mood significantly decreased with each increasing category of 
CMSS scores. Mood was highest with low CMSS scores (M = 6.1, SE = 0.14) and 
moderate scores (M = 5.47, SE = 0.18) and was significantly lower with high CMSS 
scores (M = 4.42, SE = 0.35). High CMSS scores corresponded to mild unhappiness.  
A significant main effect was also observed for motivation, F (3, 773.8) = 39.8, p < .001. 
Participants reported being moderately motivated with no CMSS symptoms (M = 6.71, 
SE = 0.15), and remained motivated, but to a lesser extent with low CMSS effects (M = 
5.7, SE = 0.14) (0 = 'very unmotivated', 5 = 'note sure / neutral', 10 = 'very motivated'). 
Motivation decreased significantly with moderate (M = 4.89, SE = 0.19) and high CMSS 
scores (M = 4.37, SE = 0.37), but were not significantly different from each other. 
Moderate to high CMSS scores corresponded to being mildly unmotivated.  
Higher CMSS scores in the control condition were also associated with lower mood, F (3, 
872.4) = 47.5, p < .001, and motivation, F (3, 877.3) = 79.0, p < .001.    
7.2.7 H5: Participants will report higher levels of discomfort during building 
motion than under no-motion conditions 
The previous analyses have shown that reported building motion in the control condition 
is unlikely to due to low frequency building acceleration, as reported symptoms are not 
characteristic of motion sickness. Therefore, the following analyses exclude reported 
motion in the control condition.  
In the experimental condition, MLMs investigated the effects of building motion on 
judgements of unpleasantness, reported effects on work performance, preference to 
move to another work location and objection to building motion, as shown in Table 7.15. 
For each analysis, age, gender, CMMS scores, time in the office, MSSQ scores, and 
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strength and duration of motion were included as fixed effects. The strength of reported 
building motion significantly affected judgements of unpleasantness, F (1, 185.3) = 41.6, 
p < .001. Participants judged stronger motion as more unpleasant. On average, a 
reported strength increase of 1-point resulted in an increase of 0.54 points of 
unpleasantness. All unpleasantness scores at each level of motion strength were above 
the mid-point of 5 (‘not sure / neutral’), indicating that even mild motion was judged as 
unpleasant. CMSS scores did not significantly affect judgements of unpleasantness, F 
(1, 201.0) = 0.3, n.s. 
Participants judged the extent to which building motion affected their work performance, 
with lower scores indicating a negative effect on performance. Significant effects were 
found for both strength of motion, F (1, 206.0) = 8.2, p < .01, and CMSS scores, F (1, 
189.3) = 11.8, p < .001. Increases in the strength of motion and CMSS scores were 
associated with a greater perceived negative impact on work performance. Across all 
levels of reported strength of motion and all CMSS categories, participants’ mean 
estimate of the effect of building motion on work performance were below the neutral 
mid-point of 5, indicating a tendency towards a negative impact on work performance.  
Increases in strength of motion, F (1, 185.7) = 19.9, p < .001, and CMSS scores, F (1, 
199.5) = 14.1, p < .001, were associated with a significantly greater preference to move 
to a different work location (.e.g. work from home). Participants indicated a slight 
preference to continue working in their office when they judged motion as 'mild', but when 
they judged motion as moderate or strong, mean scores exceeded the neutral mid-point 
of 5, indicating a preference to move and work at another location. Changes in CMSS 
scores showed a similar trend. Participants who reported no symptoms or low-level 
CMSS scores, preferred to stay in their office, but if participants reported moderate to 
high CMSS scores, participants reported a preference to move to another work location.    
Participants rated the acceptability of building motion, where lower scores indicated 
motion as acceptable, and higher scores as objectionable. Stronger building motion, F (1, 
181.3) = 19.2, p < .01, and higher CMSS scores, F (1, 193.9) = 7.9, p < .001, were 
associated with motion being judged as less acceptable. Mean ratings in each category 
of strength and CMSS scores were below the scale mid-point of 5, which was in the 
'acceptable' half of the scale, though tending towards 'not sure / neutral'. Overall, 65.2% 
of respondents rated motion to be in the acceptable half of the scale, 20.5% rated motion 
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as ‘not sure / neutral’, and only 14.3% were in the objectionable half of the scale.  
Table 7.15. The effect of strength of motion and CMSS scores on rated unpleasantness of motion, 
judged effect on work performance, preference to move to another workspace, and objection to 
motion in the experimental condition 
 Unpleasantness Effect on work Move 
preference 
Objection 
Parameter Estimate Estimate Estimate Estimate 
Fixed effects     
Level 1 (within subjects)     
     Intercept 4.47 (0.26)*** 5.35 (0.15)*** 2.86 (0.38)*** 1.56 (0.37)*** 
     Strength of motion 0.54 (0.08)*** -0.16 (0.06)** 0.36 (0.10)*** 0.48 (0.11)*** 
     CMSS score 0.04 (0.07) -0.15 (0.04)*** 0.53 (0.12)*** 0.25 (0.09)** 
     
Random parameters     
Level 2 (between subjects)     
     Residual 1.52 (0.17)*** 0.76 (0.08)*** 2.94 (0.32)*** 2.36 (0.26)*** 
     Intercept 1.35 (0.39)*** 0.10 (0.06)*** 2.52 (0.70)*** 2.85 (0.73)*** 
     
Schwartz’s Bayesian 
Criterion 
766.0 575.4 899.2 867.2 
Pseudo-R2 .11*** .12*** .12*** .12*** 
     
Estimated marginal means     
     Strength a     
          Mild 5.25 (0.20) 4.80 (0.12) 4.43 (0.33) 3.01 (0.33) 
          Moderate 6.18 (0.30) 4.32 (0.19) 5.62 (0.47) 4.04 (0.44) 
          Strong 6.59 (0.33) 4.41 (0.20) 5.74 (0.48) 3.84 (0.45) 
     CMSS scale b     
          No effects - 4.81 (0.14) 4.60 (0.37) 3.07 (0.36) 
          Low - 4.72 (0.12) 4.81 (0.33) 3.05 (0.33) 
          Moderate - 4.18 (0.16) 5.63 (0.42) 3.62 (0.40) 
          High - 4.32 (0.34) 6.02 (0.76) 4.79 (0.70) 
Note: Standard error in parentheses  
a Mild (N = 157), moderate (N = 31), strong (N = 27)  
b No effects (N = 336), low (N = 344), moderate (N = 31), high (N = 27) 
* p < .05, ** p < .01, *** p < .001  
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7.2.8 H6: Participants will spend longer durations outside of the office 
environment during building motion  
Time spent outside the office was significantly affected by MSSQ scores, F (1, 42.7) = 
7.1, p < .05, CMSS scores, F (1, 786.0) = 4.48, p < .05, and gender, F (1, 42.1) = 6.2, p < 
.05, in the experimental condition, as shown in Table 7.16. No significant effect of motion 
perception category was observed, F (2, 773.5) = 1.3, n.s. Males on average spent 
longer periods outside the building than females. Significantly longer periods of time were 
spent outside the building by those with high MSSQ scores. Individuals with high CMSS 
scores spent significantly longer periods outside the building on average (67 minutes), 
46% longer than those who reported no symptoms (46 minutes). However, only 
participants in about 5% of case reported high CMSS scores in the experimental 
condition. The mean lunch period was 39.3 minutes (SD = 24.3), which was not 
significantly affected by any variable. This indicates that the previously reported time 
spent outside of the office building occurred outside of participants' lunch breaks.   
Separate MLMs examined the effect of time outside the office for each category of motion 
perception, to examine the potential effects of MSSQ scores on break times. No 
significant relationship was found between MSSQ scores and time outside of the building 
under no-motion conditions, F (1, 45.3) = 3.9, n.s., or during ‘possible’ building motion, F 
(1, 31.6) = 2.1, n.s. During ‘definite’ building motion, those with higher MSSQ scores 
were significantly more likely to spend longer outside their building, F (1, 27.3) = 6.2, p < 
.05. Those in the lowest quartile of MSSQ scores spent an average of 44.6 minutes (SD 
= 34.2) outside their building under no-motion conditions which did not significantly differ 
during reported building motion. However, those in the highest quartile of MSSQ scores 
spent a mean of 48.9 min outside their building under no-motion conditions, which 
increased significantly to 63.9 min (SD = 49.1) during 'definite' building motion. 
Therefore, those in the highest quartile of MSSQ scores spent an additional 15 minutes 
(or 31% longer) outside their building during 'definite' motion. No significant relationship 
was found between time outside of the office and MSSQ scores in the control condition, F 
(1, 47.2) = 0.94, n.s. 
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Table 7.16. The effect of CMSS scores, MSSQ, and gender on time spent outside the office during 
the workday in the experimental condition 
 
 Time out of office (minutes) 
Parameter Estimate 
Fixed effects  
Level 1 (within subjects)  
     Intercept 27.19 (5.49)*** 
     CMSS scale 2.07 (0.98)* 
  
Level 2 (between subjects)  
     MSSQ 0.65 (0.24)* 
     Gender  
          Male 14.35 (5.75)* 
          Female 0a 
  
Random parameters  
Level 2 (between subjects)  
     Residual 1196.34 (62.14) 
     Intercept 214.40 (63.20)  
  
Schwartz’s Bayesian Criterion 7904.3 
Pseudo-R2 .05*** 
  
Estimated marginal means for the 
CMSS scores b 
 
          No symptoms 46.15 (3.32) 
          Low 50.37 (3.17) 
          Moderate 50.49 (4.31) 
          High 67.33 (8.47) 
Note: Standard error in parentheses  
* p < .05, ** p < .01, *** p < .001  
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7.2.8.1 Use of motion sickness tablets and analgesics 
Only one participant reported motion sickness tablet use, which occurred during 
‘possible’ building motion judged to be mild. Table 7.17 shows that the use of analgesic 
medication (painkillers) increased with higher CMSS scores. Nearly 5% of participants 
reporting no CMSS symptoms used analgesic medication, which increased to 33.3% with 
high CMSS scores.  A mixed-effects binary logistic regression showed this increase to 
be significant (estimate = 2.36, p < .001). The number of caffeinated drinks consumed, 
reasons for leaving the building or number of times occupants left the building were 
unaffected by reported building motion.  
Table 7.17. The proportion of respondents who reported taking analgesic medication across 
symptoms of low-dose motion sickness in the experimental condition 
 Use of analgesic medication   
 No Yes Total 
CMSS category  % N % N % N 
No effects 95.5 317 4.5 15 100 332 
Low 89.8 307 10.2 35 100 342 
Medium 83.3 90 16.7 18 100 108 
High 66.7 14 33.3 7 100 21 
 
7.2.8.2 Effects of building motion below the threshold of perception 
Previous analyses have assumed that participants' can accurately assess the 
occurrence of building motion. Participants, on average, reported building motion at 
higher wind speeds and accelerations than when participants did not report motion, 
which indicates that reported building motion was credible. However, when building 
accelerations were at or near participants' threshold of perception for motion, some 
participants may not have consciously perceived building motion or some participants 
may have erroneously reported building motion.  
The following analyses investigate whether building motion below the threshold of 
perception might affect building occupants. Based on reported motion from colleagues 
working in the same building, the analysis examined occupants who were potentially 
exposed to motion, but did not perceive that motion. This method was not used in place 
214 
of the standard motion perception category in earlier analyses because 33.1% of the 
data (N = 267) was excluded because it required multiple people in the same building 
and at least two survey responses per survey day, and because sample sizes became 
small.  
Six new motion perception categories represent the recoded motion perception category, 
as shown in Table 7.18. The first category included responses where no participants in a 
particular building reported building motion. The second category included responses 
where the participant did not report building motion, but between 1 and 49% of other 
participants in the same building reported motion on the same day. The third category 
included responses where the participant did not report building motion, but between 50 
to 100% of other participants in the same building reported motion. The fourth category 
included responses where the participant reported building motion, but no other 
participants did. The fifth category included responses where the participant reported 
'possible' motion, supported by other participants. The sixth category included responses 
where the participant reported 'definite' motion, supported by other participants.    
Table 7.18. The frequency of participants reporting perceptible building motion in relation to 
motion reported by other participants in the same building in the experimental condition 
Motion perception 
category 
Motion perception category % N 
Original motion 
perception category  
No motion reported 73.6 595 
'Possible' motion reported 11.2 90 
 'Definite' motion reported 15.2 123 
Motion perception 
category including sub 
perception effects  
No-one reported motion 37.4 199 
1 to 49% of other people reported motion 27.1 144 
 50 to 100% of other people reported building 
motion 
8.3 44 
 Reported motion, but no-one else did 9.6 51 
 Possible motion, confirmed by others 6.5 35 
 Definite motion, confirmed by others 11.2 59 
 Total 100 540 
 
Table 7.19 shows the effects of building motion across the expanded motion perception 
category. Participants only reported a high rate of nausea during perceptible building 
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motion. Unexpectedly, a low rate of nausea was reported (3.3%) during 'definite' motion 
and was confirmed by other participants. However, participants who did not report 
building motion, but their colleagues did, reported a comparable frequency of dizziness 
to those who did report perceptible motion. Across all potential effects of building motion, 
participants who reported motion that was unconfirmed by colleagues reported the 
highest frequency of nausea, dizziness and feeling 'off'.  
Motion perception category, F (5, 515.7) = 2.7, p < .05, and personal problems, F (1, 
515.2) = 38.7, p < .005, but not MSSQ, F (1, 36.6) = 1.0, n.s., had significant effects on 
reported tiredness. Few comparisons were significant, only between no reported motion 
and 50-100% of other participants reported motion, and participants who reported motion 
but their colleagues did not. This suggests that tiredness may occur below the threshold 
of perception. However, tiredness did not differ between those who reported definite 
motion, confirmed by colleagues, and no-motion conditions.  
Motion perception category, F (5, 515.4) = 6.0, p < .001, and personal problems, F (1, 
515.3) = 86.4, p < .005, but not MSSQ, F (1, 34.0) = 0.9, n.s., significantly affected CMSS 
scores. Participants who reported both confirmed 'definite' motion and unconfirmed 
motion had significantly higher CMSS scores than under no-motion conditions.  
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Table 7.19. Reported nausea, dizziness, feeling 'off', tiredness and CMSS scores across an expanded motion perception category for 
participants in the experimental condition   
Reported symptoms 
Nausea Dizzy Off 
Mean 
Tiredness a 
Mean 
CMSS 
scores a Yes No Yes No Yes No 
Motion perception 
category 
% N % N % N % N % N % N M SE M SE 
No participants 
reported motion 
2.5 5 97.5 194 6.0 12 94.0 187 22.1 44 77.9 155 5.18 0.16 1.37 0.12 
Participant did not 
report motion, but 1 to 
49% of other 
participants in the 
building reported 
motion 
2.1 3 97.9 141 0.7 1 99.3 143 10.4 15 89.6 129 5.04 0.19 1.34 0.14 
Participant did not 
report motion, but 50 
to 100% of other 
participants in the 
building reported 
motion 
0 0 100 44 18.2 8 81.8 36 15.6 7 84.4 38 5.76 0.28 1.60 0.21 
Participant reported 
motion, but no-one 
else did 
21.6 11 78.4 40 19.6 10 80.4 41 33.3 17 66.7 34 5.88 0.26 2.28 0.19 
Participant reported 
'possible' motion, 
confirmed by others 
14.3 5 85.7 30 11.4 4 88.6 31 23.5 8 76.5 26 5.19 0.31 1.74 0.23 
Participant reported 
'definite' motion, 
confirmed by others 
3.3 2 96.7 58 18.6 11 81.4 48 18.6 11 81.4 48 5.37 0.26 1.83 0.19 
a Estimated marginal mean
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7.2.9 Other Results 
7.2.9.1 Attention to building motion 
The exit survey asked participants whether they paid more attention to building motion 
during their participation in the study. Scores did not differ significantly between the 
experimental (M = 3.7, SD = 0.8) and control conditions (M = 3.7, SD = 0.9), t (97) = -.27, 
n.s. The mean score of 3.7 was above the neutral mid-point of the scale, slightly below 
‘agree’, indicating more attention was directed towards building motion than usual.  
7.2.9.2 Participant comments 
Table 7.20 shows comments from participants in the experimental condition relating to 
building motion. 
Table 7.20. Comments from participants in the experimental condition 
# Participant comment 
1 
I'm aware that I'm feeling the effect of building movement more than usual today 
because I'm still not over the stomach bug I had yesterday (when I was off sick). 
2 
Noticed building movement 3 different ways this arvo [afternoon] - 1st stage is seeing - 
venetian blind chains are swinging and clouds are rushing over us at impressive speed; 
2nd stage is hearing - as the winds worsen there is a slight but persistent whistling from 
the windows; 3rd stage is feeling - slight disorientation and nausea.  The 4th stage 
hasn't happened so far - that's when you carry on despite swaying in your chair as your 
body automatically counterbalances the rocking to and fro. This is the stage that gets 
people reaching for motion sickness tablets.   
3 
On the building motion, the distraction from work was the amount of discussion it 
generated within the office. I face away from the window and could hear the wind and 
felt a shake.  There were also plenty of people commenting on it today. One person 
commented on the windows visibly shaking and two ladies who sit right behind me at the 
window were talking about the building swaying. They were saying how when you have 
a point of reference i.e. you can look outside the window, the swaying is really 
noticeable. I just asked one of them now how often she felt the building swaying and she 
said she felt it swaying on several occasions.   
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# Participant comment 
4 
The building motion I felt was actually in the building next door, while I was attending a 
meeting. The building is a few stories higher, and was swaying in the wind quite 
noticebly. Others in the meeting noticed and reacted as well. 
5 
The girl who sits next to me noticed the building swaying and I could feel the motion 
when I held a pillar of the building. Mainly because it was so gusty today in Wellington. 
Had a cold at the start of the week, am better but still blocked nose. Other than that, fine. 
7 
The windy season has started here so it is certainly a distraction as I sit right by a 
window that faces the northerly. 
8 
The worst of the movement and the constant whistle of the wind was at its worst around 
lunchtime. It's now 3 hours later than that but I feel just as bad as I did earlier. 
 
7.3 Discussion 
Study 3 shows that building motion can significantly impair the work performance of 
occupants. Symptoms of motion sickness appear to be the main cause of impaired work 
performance, rather than vibration interfering directly with work performance. Building 
motion caused discomfort in some occupants, which susceptible occupants attempt to 
minimise by taking medication and longer breaks.  
Full-scale studies are constrained in their access to both tall buildings and their 
occupants. Accelerations in the current study were only measured in buildings where the 
participant's employer granted permission and if building owners did not object. While 
building owners constrained the collection of acceleration data in some buildings, the 
current method provides the best available support to participant reports of motion. For 
occupant reports of motion to be credible, reported motion should occur at higher wind 
speeds and building accelerations, than when participants do not report motion. 
Objectively measured wind speeds supported participant reports of building motion. 
Occupants working on high floors (the experimental condition) reported ‘definite’ building 
motion at significantly higher mean daily maximum gust speeds (18.3 m/s) than ‘possible’ 
motion (15.3 m/s) or when no motion was reported (12.7 m/s). Further, participant 
judgements of strength of building motion (from very mild to very strong) significantly 
correlated with average wind speeds.  
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Predicted building accelerations supported these trends, as the majority of predicted 
accelerations in each building, during perceptible motion, were near or above the 30% 
threshold of motion perception, based on the AIJ (2004) curves of motion perception. 
Significantly higher accelerations were observed during 'definite' than 'possible' building 
motion than under no motion conditions. Based on the credibility of occupant reports of 
motion, the analysis used reported perceptible motion (‘no motion’, ‘possible’, or ‘definite 
motion’) as the main independent measure of building motion.  
Participants reported 'definite' building motion in the majority of cases (57.5%), however 
a high proportion of 'possible' motion was reported (42.5%), suggesting that motion was 
often at or near the threshold of perception. Approximately half of participants judged 
building motion as mild or very mild (56.1%) and the remainder judged it strong or very 
strong. Most reports of motion (62.2%) occurred for approximately 1 hour, a quarter of 
participants reported that motion continued for 2.5 hours, and just over a tenth reported 
motion lasting just under 5 hours.  
7.3.1 H1: Participants will report a higher incidence of motion sickness during 
building motion than under no-motion conditions and H2: Participants will 
report a higher incidence of low-dose symptoms of motion sickness during 
building motion than under no-motion conditions  
The base rates of all wellbeing measures (e.g. nausea, headaches, feeling ‘off’), with the 
exception of having an upset stomach, did not differ between control and experimental 
conditions when participants did not report building motion (i.e. calm wind days). The 
similarity between conditions suggests that while buildings are static, there is no inherent 
adverse effect on wellbeing associated with working on high floors in tall building, and 
that the conditions were suitable for direct comparison.  
In the experimental condition, the base-rate of nausea was near zero under no-motion 
conditions (2.2%), which increased significantly by 10% during building motion, 
regardless of the certainty that motion was occurring ('possible' or 'definite'). Of the 47 
participants in the experimental condition, 12 (25.5%) reported nausea on at least one 
day, showing that high-dose symptoms were not restricted to only a few susceptible 
individuals. Reports of feeling dizzy were also rare under no-motion conditions, which 
increased significantly by 16% on ‘definite’ motion days. The presence of both nausea 
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and dizziness indicate motion sickness is more likely to occur during building motion, 
supporting Hypothesis 2.  
In contrast to ‘high-dose’ symptoms of motion sickness, such as nausea and dizziness, 
‘low-dose’ symptoms of motion sickness are characterised by tiredness, low motivation, 
low mood, and difficulty concentrating. During reported building motion, an additional 
15% of participants reported tiredness compared to the baseline during no motion. Under 
‘no-motion’ conditions the modal level of tiredness was ‘alert’, which significantly 
increased to ‘sleepy, but no difficulty remaining awake’ during ‘definite’ motion. Tiredness 
is the cardinal symptom of sopite syndrome, the likelihood of which increased during 
perceptible building motion, supporting Hypothesis 3. Feeling ‘off’ (slightly unwell) was 
10% more likely during building motion which could potentially be regarded as a low-dose 
symptom of motion sickness, which might represent a general manifestation of 
early-onset motion sickness. Building motion did not induce headaches, difficulty 
concentrating, or impaired coordination. It is not clear why participants reported some 
symptoms and not others. Higher levels of acceleration might be required to produce 
these symptoms. 
In Chapter 5, only 4% of respondents reported tiredness as an effect of building motion. 
Walton, Lamb and Kwok (2010) hypothesised that buildings occupants are likely to 
misattribute low-dose motion sickness to normal work stress and fatigue. The current 
study supports this hypothesis, as respondents retrospectively do not attribute tiredness 
to building motion (Chapter 5), but the current study clearly shows elevated levels of 
tiredness during perceptible building motion. Reported difficulty concentrating showed 
the opposite trend. 42% of respondents who had felt building motion in Chapter 5 
reported difficulty concentrating, where only 21-24% reported difficulty concentrating in 
this study, which was only slightly, and not significantly, higher than the 18% base-rate. In 
Study 1, respondents were asked to recall the strongest instance of building motion they 
had ever felt, where building motion in this study may have been weaker, as it only 
occurred over an 8 month period, rather than over respondents' entire lives. Participants 
in this study did however report significantly higher levels of distraction from work tasks 
during building motion. It is not clear why participants reported higher levels of 
distraction, but not difficulty concentrating. Distractibility may be a precursor to difficulty 
concentrating or possibly, they might represent the same symptom, but deficits in 
distractibility might be less obvious to occupants at low levels of building motion. This 
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study considered distractibility as a symptom of low-dose motion sickness. 
Clearly, symptoms of high and low-dose motion sickness occur more frequently during 
building motion than under no-motion conditions. The Combined Motion Sickness Scale 
(CMSS), including high-dose symptoms of nausea, dizziness, and low-dose symptoms of 
feeling ‘off’, tired and distracted, provided an overall measure of the full range of motion 
sickness symptoms. Low-dose symptoms (tiredness, distractibility and feeling 'off') 
accounted for 80% of CMSS scores, indicating that low-dose symptoms of motion 
sickness are more prevalent than high-dose symptoms (nausea). This supports Walton 
et al.'s (2010) prediction, based on a dose-response model, that building occupants will 
experience low-dose symptoms of motion sickness, because building motion usually 
produces less extreme accelerations than typical nauseogenic environments, such as 
ships and roller coasters, which tend to produce high-dose symptoms such as nausea.        
All the symptoms measured by the CMSS scale can occur for reasons other than building 
motion, which indicates the difficulty in diagnosing low- and high-dose symptoms of 
motion sickness (Graybiel & Knepton, 1976). However, 'moderate' CMSS scores were 
2.3 times more likely to occur during ‘definite’ building motion than under static 
conditions, and 'high' CMSS scores were 3.2 times more likely during ‘definite’ motion 
than under static conditions. That CMSS symptoms can occur for reasons other than 
building motion would likely make it difficult for participants to determine the cause of 
their discomfort.    
Re-examining mood and motivation in the context of CMSS scores revealed a significant 
relationship. Participants who reported no CMSS symptoms tended to be moderately 
happy, which decreased significantly with 'high' CMSS scores, corresponding to mild 
unhappiness. The same trend was observed for motivation, where participants reporting 
no CMSS symptoms were moderately motivated, and 'moderate' to 'high' CMSS scores 
resulted in participants reporting low motivation. This suggests that building motion does 
not directly cause low mood and low motivation, rather they only occur when occupants 
experience symptoms of motion sickness. Both decreased mood and motivation are 
symptoms of sopite syndrome, providing further support for Hypothesis 2.  
Unexpectedly, some participants in the control condition also reported perceptible 
building motion. However, this building motion did not cause an increase in motion 
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sickness and reported building motion was likely due to the shuddering of external walls / 
windows in response to wind, but not low frequency vibration expected on high floors.  
7.3.2 H3: Building motion will degrade work performance 
Participants' self-reported work performance was significantly lower during building 
motion than under static conditions, supporting Hypothesis 3. However, building 
motion-induced motion sickness appears to cause degraded work performance, not 
direct physical interference caused by building motion. Participants’ work performance, 
compared to their perceived average, was highest when no CMSS symptoms were 
reported, corresponding to above average performance. With ‘low’ CMSS scores, work 
performance decreased significantly, but was still above their average performance. 
'Moderate' to 'high' CMSS scores caused work performance to decrease significantly to 
below average. Comparing those with 'high' CMSS scores to those with no CMSS 
symptoms, the performance impairment equated to a large effect size of 0.91, 
representing an impairment of almost a whole standard deviation. However, an 
impairment of this magnitude was relatively rare, occurring in only 5.8% of all cases of 
reported building motion. Moderate-level symptoms occurred more often, in 24.8% of 
cases, causing a smaller impairment in work performance, which still corresponded to a 
large effect size of 0.76. Overall, on days when building motion was clearly perceptible, 
30% of individuals reported below average performance. This effect cannot be attributed 
to any other variable associated with high-wind conditions (e.g. wind noise, general 
weather), as no differences in work performance were observed across wind category in 
the control condition.  
Motion sickness is most likely an additional 'stress' placed on occupants, which have 
been found to increase demands on workers’ cognitive reserves, attention, or ability to 
concentrate, which subsequently can reduce work performance (e.g. Hocking et al., 
2001; Lan et al., 2010; Vischer, 2007a; Vischer, 2007b). Burton et al. (2004) reported 
increased task distraction in a motion simulator study, which supports these findings, 
however, the investigators did not actually measure task performance. Most studies have 
found limited evidence for the detrimental effects of motion on task performance (Burton 
et al., 2011; Denoon et al., 2000; Jeary, 1988; Morris et al., 1979). These studies likely 
failed to observe a significant effect because studies using simulated motion almost 
always test participants for too brief a duration, or use overly simplistic measures that do 
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not accurately mimic real work performance, nor actual work conditions such as stress, 
boredom and other outside influences that can also affect workers.  
Participants judged the extent to which building motion negatively affected their work 
performance. Judged 'strong' building motion and high CMSS scores caused larger 
negative impacts on work performance. Participants judged that building motion, on 
average, had a small but negative effect on their work performance, supporting Burton et 
al. (2004). 
The mid-point of the work performance scale ('5'), was anchored at ‘about average’ work 
performance. If participants accurately appraised their performance over a large number 
of randomly selected occasions, the mean work performance should be 5. However, 
overall mean reported work performance during static conditions was 6.0 (SD = 1.8), 
indicating that participants were more likely to favourably rate their work performance. 
Psychological studies have well established the tendency for people to judge their traits 
or behaviours as favourable, rather than unfavourable, referred to as the 
'self-enhancement bias' (e.g. Sedikides & Strube, 1995). Therefore, participants' 
reported average work performance, which appears 'above average', is more accuracy 
described as 'average'. With regard to the effects building motion, the most important 
finding is that motion sickness significantly reduces performance, and accurately 
assessing the distance below true average performance is less relevant.    
7.3.3 H4: Building motion will degrade performance on the Stroop Test  
Contrary to expectation, those who reported 'definite' building motion performed 
significantly better on measures on speed / accuracy on the Stroop Test than under static 
conditions. However, higher CMSS scores led to significantly lower speed / accuracy 
scores, partially supporting Hypothesis 4. Performance of those reporting ‘high’ CMSS 
symptoms was 0.6 standard deviations (using standardised scores) below those 
reporting no CMSS symptoms. The impairment on Stroop performance between ‘high’ 
CMSS scores and no symptoms, equated to a moderate effect size of 0.34. The effect of 
‘moderate’ CMSS symptoms was lower with a small effect size of 0.13.  
Burton et al. (2004) also found that those who reported motion in a simulator study 
showed improved performance on standardised tests. The tempting interpretation, as 
suggested by Burton et al. (2004), is that low-level motion can have an enhancing effect 
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on work performance. However, there is limited theoretical justification for such an effect. 
'Warning system' theories of motion sickness (Takahashi, Ogata & Miura, 1995) would 
predict arousal in some occupants due to a perceived harmful situation. Brief exposure to 
gentle motion might have an arousing effect in non-susceptible individuals. The following 
explanation seems more likely. Lan et al. (2011) found that under conditions of thermal 
stress, participants had to increase their effort to maintain performance. Perhaps, during 
short duration tests, under conditions of stress, like building motion, participants increase 
their effort to complete the test quickly and reduce the demands on their performance. 
This could easily best tested by testing participants for a longer period, under the 
hypothesis that performance might initially increase, but once fatigue associated with 
increased effort sets in, performance might markedly decrease.  
Again, these results show that motion sickness is responsible for impaired performance, 
rather than building motion directly interfering with performance. A similar trend was 
observed by Lan et al. (2011), who found that reaction time and accuracy on the same 
task decreased at high temperatures, leading to a 9.5% increase in reaction times. Sleep 
deprivation can reduce accuracy and reaction times on the Stroop Test (Cain et al., 
2011). Given that building motion induced higher levels of tiredness in this study, it 
seems likely tiredness accounts for some of the degradation in performance.  
Building motion had a larger effect on self-reported work performance than Stroop Test 
performance. From participant comments, many reported that they found the Stroop Test 
the most enjoyable part of the survey. Therefore, participants may have been more 
motivated during the Stroop Test. The test took less than one minute, so participants 
might have been able to increase concentration for that short period. Whereas 
self-reported performance took into account performance across the whole day, and 
would account for more performance-related factors than accuracy and reaction times. 
Ideally, the survey would have included more tests, each of longer duration, which would 
likely compromise participants’ ability to adapt, or concentrate harder, as Lan et al. 
(2010) observed with regard to thermal comfort. The survey in this study was limited to 
approximately 5 minutes, so only one short measure of task performance could be 
included.   
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7.3.4 H5: Participants will report higher levels of discomfort during building 
motion than under no-motion conditions 
Judgements of the unpleasantness of motion increased with the perceived strength of 
building motion. Participants judged even ‘very mild’ building motion as unpleasant. This 
supports the results from Chapter 5 where building motion was, on average, judged as 
unpleasant. As the judged strength of building motion increased, and as CMSS scores 
increased, participants reported a greater preference to work at another location. 
Increased judgements of unpleasantness and preferences to move to a different work 
location support Hypothesis 5. 
Despite participants judging building motion as unpleasant, in 65% of all cases 
participants rated motion to be in the acceptable half of the acceptability scale. 20.5% of 
participants judged building motion to be ‘neutral’, and only 14.3% objectionable. The 
median objectionable rating of building motion at all magnitudes from ‘very mild’ to ‘very 
strong’ was in the ‘acceptable’ half of the scale, though tending towards the mid-point of 
‘not sure / neutral’. Conversely, a small proportion of occupants found motion highly 
objectionable even when ‘very mild’. These results appear contradictory. One 
interpretation is that the gulf is due to 'tolerance', a concept introduced by Hansen, Reed 
and Vanmarke (1973). If tolerance is high, occupants could conceivably accept a certain 
level of discomfort that that would not result in objection, as observed here. Further, 
despite objection to motion occurring in 14.3% of cases, the rate of formal complaint is 
near zero, showing that objection seldom leads to formal complaint, and that discomfort 
does not always result in objection to motion.  
7.3.5 H6: Participants will spend longer durations outside of the office 
environment during building motion  
Participants who reported a greater number of symptoms of motion sickness were more 
likely to spend longer periods outside their building than those with fewer symptoms. On 
average, participants reporting no CMSS symptoms spent a mean of 46 minutes outside 
their building on a given day, which increased to 67 minutes with 'high' CMSS scores, 
46% longer than normal break times. However, 'high' CMSS scores accounted for a 
small proportion of responses, just over 5%. Reported building motion, or CMSS scores, 
did not significantly affect lunch breaks suggesting that participants took additional 
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breaks outside of their lunch break.  
Susceptibility to motion sickness had a larger effect on break time. Those in the lowest 
quartile of MSSQ scores spent an average of 44.6 minutes outside their building during 
‘definite’ building motion, which did not differ significantly during no building motion. 
However, those in the highest quartile of MSSQ scores spent a mean of 63.9 minutes 
outside on ‘definite’ motion days, 15 minutes (or 31%) longer than the 48.9 minutes spent 
outside during no-motion conditions. MSSQ scores were unrelated to time spent outside 
of the office in the control condition. These trends support Hypothesis 6. Participants in 
Chapter 5 reported taking more breaks as a strategy to improve their comfort and Goto 
(1983) reported that 31% of building occupants undertook some form of action to counter 
building motion, such as stopping work to rest or moving to a lower floor, both of which 
support findings from the current study.  
Only one participant reported the use of motion sickness tablets, on a 'possible' motion 
day where that motion was ‘mild’. This suggests that participants might even take motion 
sickness tablets at lower accelerations or perhaps in anticipation of motion becoming 
worse. Participants showed an increased likelihood of taking analgesic medication 
(painkillers) as the number of CMSS symptoms increased. About 5% of participants 
suffering no CMSS symptoms took analgesic medication, which increased to 33% with 
high CMSS scores. Analgesic medication is unlikely to mitigate the general symptoms 
caused by building motion. While reported distraction (time spent on non-work activities 
like using the internet, talking to colleagues about non-work topics, and conducting 
personal activities) was considered earlier as a symptom included in the CMSS scale, 
distraction could also be considered a compensatory behaviour. Occupants might 
reduce work demands by engaging in non-work activities, possibly due to previous 
reported decreased motivation to work. It is not possible to determine whether lower work 
performance is the result of higher levels of distraction, or whether occupants engage in 
distracting activities because their performance is already low.  
These compensatory behaviours support the theory that building occupants do not 
passively perceive building motion, they actively attempt to manage their comfort when 
they are aware of motion, and perhaps even when they are unaware of it.  
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7.3.6 The effect of building motion on building occupants 
Building motion may have primary and / or secondary effects on occupants. Primary 
effects would include mechanical task interference (e.g. vibration disrupting delicate 
tasks), motion being sufficiently unpleasant or distracting such that occupants cannot 
concentrate on their work, or motion destabilising posture where maintaining balance 
compromises attention (or concentration). Whereas secondary effects of building motion 
would include an accumulation of low and potentially high-dose symptoms of motion 
sickness that affect work performance, i.e. indirect effects of building motion. The 
evidence presented in this study, in the range of accelerations observed and across the 
types of work performance measured, indicates that building motion mainly causes 
secondary effects and has a minimal primary effect on work performance. 
The impairment of work performance increased with low- and high-dose symptoms of 
motion sickness, including nausea, dizziness, feeling ‘off’, tiredness and being 
distracted, and therefore this appears to be the main cause of work performance 
impairment. Overall, short duration exposure to building motion (approximately 40 
minutes or less) tended to induce ‘low’ CMSS scores in some occupants, which had only 
a small impact on work performance and comfort. However, even that short duration 
induced ‘moderate’ and ‘high’ CMSS scores in some occupants. At longer durations of 
exposure (approximately 2 hours and higher), a greater proportion of respondents 
reported ‘low’ CMSS effects, and slightly higher proportions of ‘moderate’ and ‘high’ 
symptoms were reported. It should be noted that the observed adverse effects occurred 
at relatively low accelerations, mostly under 5 mG. The effects appear to be produced by 
long duration exposure to relatively mild accelerations.    
Except for about 5% of individuals, almost all people are susceptible to motion sickness, 
depending on the individual susceptibility, duration of exposure to motion and the 
magnitude of motion (Reason & Brand, 1975). These results show that as duration 
increases, motion sickness affects a greater proportion of occupants. Burton et al. (2005) 
found a similar trend, where short duration exposure to motion (12 min) produced a lower 
incidence of nausea and task disruption than at longer durations (50 min). Wright et al. 
(1994) observed that 77% of participants suffered sopite syndrome-induced impairments 
of cognitive performance, also showing that low-dose symptoms of motion sickness can 
affect cognitive performance. However, Wright et al. (1994) found that sopite symptoms 
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were unrelated to susceptibility to motion sickness, also observed by Graybiel and 
Knepton (1976). The current study also observed this trend, as MSSQ scores were 
unrelated to CMSS scores, which was a combination of traditional symptoms of motion 
sickness and sopite syndrome. Nausea however, was more likely to occur in those with 
high MSSQ scores (Chapter 5).  
In a comprehensive review of the effect of ship motion on performance, Wertheim (1998) 
states that there is no evidence that motion can directly affect cognitive performance, 
instead that any performance impairment is an indirect result of motion sickness-induced 
reductions in motivation, balance and fatigue. However, Wertheim (1998) suggests 
motion might affect “mental load”, as in stress models such as thermal comfort (e.g. Lan 
et al., 2010) or general workplace factors (e.g. Vischer, 2005a). Studies such as 
Anderson, Yardley and Luxon (1998) have showed that cognitive performance 
deteriorates while performing balance tasks, suggesting that balancing may compete 
with other cognitive tasks, causing performance degradation. It is unknown whether this 
can occur with challenges to balance due to the low accelerations characteristic of tall 
buildings.  
7.3.7 Perception of motion 
Two-thirds of participants reported that they initially ‘felt’ building motion, indicating that 
vestibular or proprioceptive cues to motion often precede visual or auditory cues. Goto 
(1983), Burton (2006) and results from Chapter 5 also show that vestibular or 
proprioceptive cues precede visual cues. However, Hansen et al. (1973) found that 
creaking sounds preceded vestibular cues. Auditory cues to motion were more common 
during ‘definite’ (31.8%) than ‘possible’ (12.2%) building motion, suggesting auditory 
cues have a stronger influence at higher wind speeds / accelerations. Participants only 
perceived motion first in 10% of cases, which indicates that visual cues to motion might 
be less influential, or occur less frequently, than suggested by other authors (e.g. Burton 
et al., 2008; Isyumov, 1993; Shindo & Goto, 1999). Kawana, Tamura and Matsui (2012) 
showed that, at the lowest frequencies, individuals are more sensitive to visual cues than 
to vestibular or proprioceptive cues. As most Wellington buildings are 30 stories or 
shorter, they likely have higher natural frequencies, and therefore participants might be 
less likely to rely on visual cues to motion.  
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Some studies have unsuccessfully attempted to identify task performance impairments 
below thresholds of perception (e.g. Jeary, 1988; Morris et al. 1979). However, the high 
proportion of motion reported as ‘possible’ (42.5%) suggests that almost half of reported 
motion was at or near the threshold of perception, showing that occupants are frequently 
unable to accurately determine whether their building is actually moving or not. 
Therefore, motion reported as ‘possible’ should give an indication of effects that might 
occur at or near the threshold of perception. Despite the uncertainty about the 
occurrence of building motion, rates of nausea (12-13%), feeling dizzy (15-22%) and 
feeling ‘off’ (27-30%) were the same regardless of whether motion was reported as 
‘possible’ or ‘definite’, all of which were significantly higher than under conditions of no 
motion (2%, 6%, and 18% respectively). Scores on the CMSS scale were higher on 
‘possible’ motion days than baseline, indicating that participants were experiencing some 
symptoms of motion sickness. Self-reported work performance and scores on the Stroop 
Test were significantly worse during ‘possible’ motion compared with baseline, 
suggesting that building motion at or near the threshold of perception can negatively 
affect comfort and work performance.  
Several analyses attempted to determine whether motion below the threshold of 
perception could affect building occupants. Building occupants who did not report 
perceptible building motion, but were likely exposed to building motion based on reported 
motion from others building, showed elevated CMSS scores, and elevated component 
symptoms of dizziness, and tiredness. This suggests that building motion below the 
threshold of perception can affect building occupants, though the symptoms were 
weaker than those reported by participants who reported motion. Other studies, such as 
Stoffregen et al. (2010) showed in an experimental environment, a moving room 
oscillating at imperceptible accelerations, can induce motion sickness in some 
individuals. The same appears to occur in some building occupants.  
7.3.8 Personal Issues 
One item at the end of the survey asked participants if they were experiencing significant 
personal issues that they thought might affect their work. Unexpectedly, in just over a fifth 
(21.5%) of surveys, participants reported personal issues. The proportion of cases was 
too high to exclude, so all analyses controlled for personal issues. While not related to 
building motion, it is noteworthy that the prevalence of reported stress is so high. 
230 
Especially given personal issues had the largest and most consistent on effect of work 
performance and wellbeing out of all measured factors, significantly affecting tiredness, 
happiness, motivation, headaches, difficulty concentrating and work performance. On a 
given day, a fifth of staff may be under-performing due to personal issues, which is likely 
to have significant costs to organisations. From this perspective, future research could 
potentially investigate how organisations might be able to offer support to their 
employees to reduce their stress. Other studies such as Denoon et al (2000) have noted 
large day-to-day variation in task performance measuring task performance in airport 
control towers. Future studies examining work performance might benefit from including 
factors such as personal stress, sleeping problems, and ongoing health issues, to at least 
control for variables that might otherwise obscure the effects of interest.  
7.3.9 Limitations 
The study relied on occupant reports of motion, supported speed and predicted 
accelerations. A comprehensive acceleration record is preferable to predictions of 
accelerations. A complete record of acceleration data for each participant would have 
enabled additional analyses to determine thresholds of motion perception and motion 
sickness in actual buildings and to assess potential effects of motion below the threshold 
of perception. Critically, a full acceleration record could determine the 'dose' of motion 
that causes performance degradation reported in the current study, that is the 
combination of acceleration duration and severity. However, the current method showed 
sufficient data to support the credibility of participant reports of motions.  
The sample was significantly biased toward females (73%, N = 73; Males = 27%, N = 27). 
While the experimental and control conditions were balanced across gender, the 
imbalance might have over-represented susceptibility to motion sickness, as females on 
average have higher MSSQ scores. The current sample was overrepresented on MSSQ 
scores compared with the normed (reference scores) MSSQ scores reported in Chapter 
5. As shown in Chapter 5, susceptibility to motion sickness, not gender, was responsible 
for the reported effects of building motion. While a balanced sample is preferable, it is 
unlikely that the imbalance affected the results reported here. The survey relied on 
occupant self-reports due to the restricted access to occupants of tall buildings. Future 
research could introduce a greater number of objective measures if researchers have 
greater access to tall building occupants.  
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Participants were only able to respond to the survey at one time in the late afternoon. The 
analysis related participant responses with the maximum gust speed across the day, or 
the mean of the hourly maximum gust speeds across the hours of 8 am to 6 pm. 
Therefore, it was not possible to evaluate the occupant response to motion at the point 
where motion was first perceived, or when symptoms where the most severe. A 
preferable method would be for participants to complete a survey every hour, each day, 
which would allow investigators to measure the acceleration threshold of motion 
sickness. Unfortunately, such an approach is not practical in a full-scale study as it would 
take an unrealistic amount of each participants work time.     
7.3.10 Conclusions 
This study shows that building motion can impair work performance, both self-reported 
and objectively measured, and can cause significant occupant discomfort. Affected 
building occupants attempt to manage this discomfort by taking medication and 
minimising their exposure to motion by taking 30-40% longer breaks, particularly those 
suffering symptoms of motion sickness and those who are susceptible to motion 
sickness. Participant reports of building motion were credible, supported by objectively 
measured wind speed and acceleration data.  
Participants reported both high- (nausea and dizziness) and low-dose symptoms of 
motion sickness (tiredness, distraction and feeling ‘off’, low mood and motivation). 
Low-dose symptoms of building motion often appear to be attributed to factors other than 
building motion, presumably because these subtle effects can occur for a variety of 
reasons other than building motion. Clusters of both low- and high-dose symptoms were 
2-3 times more likely to occur during building motion than under no-motion conditions. 
Impairment of self-reported work performance increases with the number of symptoms of 
motion sickness reported (including high- and low-dose symptoms), indicating that these 
effects impair work performance, not building motion directly. Building occupants 
affected by ‘moderate’ to ‘high’ levels of motion sickness report performance reductions 
of 0.76 to 0.90 standard deviations below their normal performance. Objective measures 
of task performance also showed degradation, albeit with smaller effect sizes. 
Participants judged most building motion as unpleasant, but despite this and other 
effects on comfort, only 14% of participants judged motion as objectionable, which 
suggests that most occupants have a reasonably high tolerance for motion. These 
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findings have implications for building owners and designers, and for future studies of 
occupant comfort and are discussed in the following chapter.    
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Chapter 8  
General Discussion 
Motion sickness is clearly the most significant effect of building motion on occupants. 
Chapters 5 and 6 showed that susceptibility to motion sickness moderates the effect of 
building motion on reported symptoms of motion sickness. Chapter 7 shows that 
symptoms of motion sickness mediate the effect of building motion on work performance. 
While these symptoms can often manifest as the classic symptoms of nausea and 
dizziness, they are more likely to manifest as low-dose symptoms of sopite syndrome, 
including tiredness, low motivation and low mood. Sopite syndrome is difficult to 
diagnose (Graybiel & Knepton, 1976) as the symptoms can occur for a variety of reasons 
other than building motion, however, they occur with greater frequency during building 
motion.  
With the exception of about 5% of individuals, either highly susceptible or not at all 
susceptible, the majority of individuals can experience motion sickness. The likelihood of 
being affected depending on individual susceptibility, duration of exposure to motion and 
the magnitude of motion (Reason & Brand, 1975). The above factors erode Individual 
resilience to motion, the likelihood of which occurring in tall buildings is shown in Figure 
8.1. 'Low' accelerations are cases where participants reported 'possible' building motion 
at or near the threshold of perception of motion, reported in Chapter 7. 'Moderate' 
accelerations are cases of 'definite' motion. 80% of motion sickness in each category was 
attributed to low-dose motion sickness and the remaining 20% to high-dose motion 
sickness (as per Chapter 7). Goto (1983) observed very high levels of reported nausea 
(67%) during significant windstorms in several 60-story buildings, significantly higher 
than the rate of nausea observed in Wellington (21% in Chapter 5, 13% in Chapter 7). 
The buildings in Goto's (1983) study were twice the height of the tallest building in 
Wellington and likely exposed occupants to higher accelerations than in Wellington, and 
were therefore used as a representation of 'high' accelerations. An estimation of 'very 
high' accelerations was also included, indicating that extreme acceleration will likely 
affect most occupants. Figure 8.1 shows that as accelerations increase an increasing 
proportion of occupants are affected. Low-dose symptoms dominate the occupant 
response at low accelerations, which shifts to high-dose symptoms as accelerations 
increase. Actual acceleration are not given, the purpose of the figure is to illustrate the 
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relationship between motion sickness and acceleration.  
 
Figure 8.1. Estimated proportions of motion sickness with increasing building accelerations from 
Study 3 and Goto (1983)  
8.1 Work performance 
There is an increasing awareness that an individual's work environment might affect their 
work performance, often in subconscious ways (e.g. Lan et al., 2010; Lan et al., 2011). 
‘Stressors’ or increased demands on workers’ cognitive reserves, attention, or ability to 
concentrate, can reduce work performance (Hocking et al., 2001; Lan et al., 2010; 
Vischer, 2007a; Vischer, 2007b). For example, environments that are too hot or cold can 
cause participants to increase their effort to maintain performance and counter thermal 
discomfort (Lan et al., 2010). Building motion, at least at low accelerations, does not 
seem to be a direct and significant stress on occupants, as building motion tended to only 
affect work performance in those who reported symptoms of motion sickness, including 
early onset symptoms of sopite syndrome. Building motion could be conceptualised as a 
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stress factor, and may have a multiplicative effect when combined with other factors such 
as thermal comfort, personal stress, and other ergonomic factors such as light levels.  
8.1.1 Direct effects of building motion and the cause of work performance 
degradation  
It is unknown why sopite syndrome occurs (Lawson & Mead, 1998). The current research 
clearly shows that symptoms associated with sopite syndrome (Graybiel & Knepton, 
1976) and frank motion sickness (Reason & Brand, 1975) can cause a reduction in work 
performance. The cause of motion sickness-induced performance degradation is 
relatively clear with frank motion sickness. As Wertheim (1998) states, frank motion 
sickness likely decreases motivation, mood, and increases fatigue, so performance 
reductions seem quite reasonable, especially in relation to stress models (e.g. Hocking et 
al., 2001; Lan et al., 2010; Vischer, 2007a; Vischer, 2007b). The cause for the 
degradation in work performance is less clear for sopite syndrome. The primary cause of 
sopite syndrome is tiredness, which is known to impair work performance generally (e.g. 
Cain et al., 2011), and indeed tiredness, regardless of the cause, was always related to 
lower work performance in Study 3. However, sopite syndrome is also characterised by 
difficulty concentrating and distraction, which could be concomitant with increases in 
tiredness. However, impaired balance might cause distraction (Anderson, Yardley & 
Luxon, 1998; Andersson et al., 2002; Chong et al., 2010; May, Tomporowskui, & Ferrara, 
2009; Mersmann et al., 2013), the theory being that significant challenges to posture 
require the same attention resources that are used in cognitive tasks, and when 
competing, individuals prioritise postural stability. That a higher rate of impaired 
coordination was reported during perceptible building motion supports this theory. It is 
unknown whether postural challenges in the range of building motion are sufficient to 
affect cognitive performance. Burton et al. (2004) reported increased task distraction in a 
motion simulator study, however, postural variability was not measured. In the current 
studies, distraction was only one of 6 measures of motion sickness, and if motion could 
directly impair cognitive performance, it would likely have only occurred in the minority of 
cases. The current study was unable to measure the postural activity of building 
occupants, and is therefore unable to test this hypothesis. Future studies could 
determine the minimum level of acceleration that degrades postural control and directly 
impairs cognitive performance or causes distraction.  
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8.1.2 Task performance in engineering studies of building motion 
Previous motion simulator studies have shown limited evidence that motion significantly 
impairs performance, in terms of either task or cognitive performance (e.g. Burton et al. 
2011; Denoon et al. 2000; Jeary, 1988; Morris et al., 1979). These studies are often 
limited by ceiling effects, as investigators often report that tests are too simple. Previous 
motion simulator studies may be unable to mimic actual work performance. ‘Task 
performance’ measures used in motion simulators are artificial activities designed to 
measure components of ‘work performance’. Work performance is characterised by often 
complex and novel tasks, and workers may be more motivated than test participants in 
simulator experiments. Work performance usually occurs for extended periods, up to and 
in excess of 8 hours, and changes in motivation, boredom, mood, work stress and 
personal stress might affect peoples' ability to overcome transient work stresses like 
building motion. These factors are unlikely to occur in motion simulator studies. The 
opportunity for variation in the above factors might be necessary for degradation in work 
performance to occur. This may partly explain why motion simulator studies do not show 
significant performance degradation. Participants might be able to compensate for 
discomfort for short durations in motion simulator studies, but not during longer duration 
exposure that occurs in actual tall buildings, which also have the additional stress factors 
of motivation, boredom, mood, work stress and personal stress. The potentially 
significant contribution of these factors indicates the need for full-scale research to 
validate the findings of motion simulator studies.  
Building motion induced performance impairments on the Stroop Test in the longitudinal 
part of this study, a finding motion simulator studies could replicate, providing motion 
simulator studies can induce low-dose motion sickness. It is unlikely there is anything 
unique about the Stroop Test that led to the observed differences. The Stroop Test is 
regarded as a challenging test, and simulator studies have often reported ceiling effects 
on tests (e.g. Denoon et al. 2000; Jeary, 1988; Morris et al., 1979), indicating they were 
too simple. Further, due to the typically short duration of simulator studies, almost all of 
which were under an hour, with the exception of Denoon et al. (2000), these studies may 
not induce motion sickness characteristic of tall buildings. For example, Burton et al. 
(2005) reported that at frequencies of 0.25 and 0.5 Hz, and accelerations between 1 and 
24 mG, 40% of participants reported nausea, and 80% of those asked to leave the 
simulator due to motion sickness; even with durations of exposure less than one hour. In 
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Study 3, no participants reported actually leaving work because of building motion. This 
indicates that the magnitude of motion in simulator studies may be too strong, and 
possibly fails to reproduce low-dose symptoms, instead inducing high-dose symptoms, 
which are relatively rare in actual buildings. An alternative explanation is that office 
workers are simply not able to leave their workplace. Kiniorski et al. (2003) encountered a 
similar challenge, attempting to induce sopite syndrome using an optokinetic drum, but 
the technique was too potent to induce only low-dose symptoms of motion sickness, 
causing nausea in most participants. Because of the relatively short durations used in 
motion simulator studies, experimenters might inadvertently be attempting to replicate 
the expected effects of building motion at short durations by exposing participants to high 
accelerations, which overshadow low-dose symptoms altogether. At which point, most 
participants leave the simulator, and experimenters cannot measure potential 
performance degradation. The only way to mimic tall building motion may be to design 
long duration studies at relatively low acceleration to avoid high-dose symptoms in all but 
the most susceptible individuals. An alternative, but less likely, argument is that motion 
simulators do not accurately mimic building motion. One could evaluate this by simply 
asking occupants of tall buildings who have experienced real tall-building motion to rate 
whether the simulator feels representative of actual building motion.  
8.1.3 The estimated effect of building motion on organisations  
Even if building motion had a massive adverse effect on work performance, it might not 
be considered a practically significant problem if it was a very rare event. The following 
analysis estimates the probability of occurrence and the likely proportion of occupants 
affected on a high-wind day in Wellington, shown in Table 8.1.  
Almost 80% of all reported wind-induced motion occurred on 'high' wind days, with mean 
daily wind speeds over 18.5 m/s. On those days, it is likely that 23.2% of occupants would 
report ‘definite’ motion and 13.7% would feel ‘possible’ motion. One would then expect 
approximately 8.2% of employees to report moderate CMSS scores and a further 1.8% to 
report high CMSS symptoms. As shown in Chapter 7, moderate symptoms were 
associated with a 26% reduction in performance and high symptoms a 34% reduction in 
performance. ‘Low’ CMS scores had a negligible effect on work performance and were 
therefore not included. This analysis bases the performance estimates on the observed 
performance degradation reported in Chapter 7, using reported performance with no 
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CMSS symptoms as baseline performance. A given organisation located in a 
wind-excited tall building, on average, could expect that ‘high-wind’ will occur in 
Wellington on 53 working days per year. Appendix F shows the probabilities of 
occurrence for differing wind speeds in Wellington. Therefore, performance degradation 
of between 26-34% in 10% of staff is likely to occur approximately 53 times a year.  
The sample in Chapter 7 slightly over-represents susceptibility to motion sickness, being 
.14 standard deviations above the norm established in Chapter 5, which might 
exacerbate the estimated effects. However, other factors were not included in the 
analysis that may underestimate the cost of building motion to organisations. The 
estimates are based only on perceptible motion, as Chapter 7 showed that some 
occupants may be affected by motion below the threshold of perception. Other factors 
including lost productive time from taking longer breaks, increased turnover, potential 
long-term effects, employee dissatisfaction, sick days and other flow-on effects were not 
included in the estimates of degraded work performance, which may further increase the 
cost to organisations. These estimates are an average effect based on the reported 
effects of motion across 17 different buildings, therefore occupants in more 
wind-susceptible buildings might show a relatively larger effect.  
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Table 8.1. The probability of perceiving building motion across wind speed category, with 
estimates of the probability of occurrence of each wind speed category and the estimated 
proportion of building occupants with reduced work performance 
Wind category 
Low Medium High 
(0 - 8.9 m/s) (9 - 18.4 m/s) (18.5 + m/s) 
  
% N % N % N 
 
No perceived 
motion 
91.8 146 83.2 158 63.1 291 
 
Possible motion 4.4 7 11.1 21 13.7 63 
 
Definite motion 3.8 6 5.8 11 23.2 107 
  
100.0 159 100.0 190 100.0 461 
        
 
Probability of 
occurrence 
0.32 
 
0.46 
 
0.23 
 
 
Estimated days 
per year (365) 
115.3 
 
167.4 
 
82.3 
 
 
Estimated 
working days 
per year (236) 
74.5 
 
108.2 
 
53.2 
 
        
  
Across all wind 
conditions  
Estimated proportion of 
occupants affected by 
building motion on high 
wind days 
Perception of 
motion 
CMSS scores by 
motion 
perception a  
% N 
  
% 
 
Possible motion No symptoms 30.0 27 
  
4.1 
 
 
Low 48.9 44 
  
6.7 
 
 
Medium 17.8 16 
  
2.4 
 
 
High 3.3 3 
  
0.5 
 
 
Total 100.0 90 
  
13.7 
 
Definite motion No symptoms 25.6 31 
  
5.9 
 
 
Low 43.8 53 
  
10.2 
 
 
Medium 24.8 30 
  
5.8 
 
 
High 5.8 7 
  
1.3 
 
 
Total 100.0 121 
  
23.2 
 a reported in Table 7.5 
240 
One could argue that the overall effect on organisation-level work performance is small, 
and that the loss of associated revenue might only be significant for a large organisation. 
However, the implications for occupant wellbeing might be more significant. This analysis 
indicates that 10% of tall building occupants will be affected by ‘moderate’ or ‘high’ level 
symptoms of motion sickness, on average, on just under a quarter of all working days. 
Again, on average, occupants working on high floors might feel building motion at least 
one day per week. While the impact on the organisation’s profit might be small, the 
effects of building motion on the health, wellbeing and work satisfaction of some building 
occupants might be more significant. Those occupants might be at a relative 
disadvantage to those who are less susceptible to motion sickness.  
8.2 Occupants are active in their environments 
Engineers appear to adopt an implicit stimulus/response assumption about human 
behaviour, where motion causes a response in building occupants. Building motion (the 
stimulus), given a sufficient magnitude, causes the perception of motion (the response) 
and often motion sickness (another potential response). Individuals are usually 
conceptualised as little more than passive detectors of motion, and the only times 
individuals are considered ‘active’ in the engineering literature is if they issue a formal 
complaint to building owners. However, Gibson (1966, 1979) shows that individuals are 
active in their environment; the environment not only affects individuals, but individuals 
also affect their environment, in a behavioural loop. Chapter 7 shows this, as building 
occupants who are highly susceptible to motion sickness take more breaks outside of the 
building during perceptible building motion, and take analgesic medication to treat their 
discomfort. However, analgesic medication is unlikely to effectively treat symptoms of 
motion sickness.  
Goto (1983) is one of the only studies of the occupant response to motion, that has 
considered occupants to actively respond to building motion, in the form of compensatory 
behaviours, such as moving to a lower work floor during wind events. Such a 
characterisation of human behaviour requires a more sophisticated method to 
understand the full range of effects of building motion on occupants. Investigators should 
consider the active nature of building occupants, because the occupants' behaviour 
might mask, or misrepresent the actual effects of motion. For example, occupants' drug 
use and break behaviours might reduce reported symptoms of motion sickness, as they 
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attempt to manage their own discomfort. In this case, investigators might mistakenly 
underestimate the accelerations and durations of exposure necessary to produce motion 
sickness.     
8.3 Building owners, organisations in tall buildings and building occupants 
Building motion is a potential issue for three main parties; the building owner, the 
management of organisations within tall buildings, and building occupants. From the 
perspective of building owners and designers, building motion does not appear to be a 
particularly significant problem. Few studies have attempted to measure formal 
complaint and in each, including this study, formal complaint is below about 2% (Burton, 
2006; Isyumov & Kilpatrick, 1996). From these studies, it is clear that formal complaint is 
very rare, so building owners are likely either unaware of problematic building motion, or 
unconcerned due to very low levels of complaint. Organisations located in tall buildings 
likely have a greater investment in occupant comfort and performance than building 
owners, however, a similar problem may occur. Less than 5% of occupants complained 
as high as their team leader. Unless senior management is located in the building, 
building motion may not be a known problem. Building occupants misattribute the effects 
of building motion on wellbeing and comfort to other factors, or at least underestimate the 
effects of motion. Management are unlikely to have more insight into the effects of 
building motion than building occupants. Further, if the potential cost of building motion to 
the organisation are likely low, then relocation might not be cost effective from a purely 
performance-based perspective. An argument to relocate the organisation might 
however be made from an employee-wellbeing perspective.  
Building motion appears to be predominantly a problem of occupant comfort, and 
potential solutions may depend on the extent to which comfort is valued. As shown in 
Chapter 5, building occupants appear to be constrained in their choice of work place, and 
therefore the most susceptible individuals are equally likely to work on high floors as the 
least susceptible individuals. If building owners or organisations do not address potential 
issues of building motion, occupants must manage their own comfort, as they appear to 
with compensatory behaviours. The most convincing argument for reducing building 
accelerations is to improve occupant wellbeing.  
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There are four potential strategies to improve occupant comfort: self-regulation, 
governmental regulation, organisational management strategies, and improved 
serviceability criteria. Building occupants already self-regulate to some extent with 
compensatory behaviours such as taking longer breaks. However, occupants may be 
constrained by work pressures and forced to stay in the building longer than is 
comfortable and they might not be aware of the extent that building motion causes their 
discomfort. Future research could potentially create freely available aids for building 
occupants, such as an iPhone app that uses the phone's accelerometer to measure 
building motion and indicate whether the magnitude and duration of motion is sufficient to 
cause discomfort. Obviously, a more sophisticated understanding of the 'dose' of 
acceleration is required first.  
Organisations may choose to relocate their office, which would likely depend on the 
number of occupants affected by building motion, which may be small. Two respondents 
in Chapter 5 reported that their organisations had moved, or were about to move, to 
another location because of building motion. This shows some organisations view the 
costs of relocation as less than the costs of remaining in a wind-sensitive building. 
Organisations could potentially screen new employees for susceptibility to motion 
sickness, though this is discriminatory and therefore is unlikely. The most likely and cost 
effective solution would be to allow susceptible individuals to leave early and work from 
home on windy days; though this might not be practical due to job demands and high 
likelihood of recurring building motion, particularly in Wellington. One respondent in 
Chapter 5 stated that their organisation allowed employees to work from home during 
extreme weather conditions.  
The most effective but unlikely solution might be government regulation. Government 
regulates other health and safety issues, such as the earthquake safety of buildings. 
Mandatory building monitoring would ensure greater transparency of building 
performance and allow researchers to gather more information that would allow them to 
determine how motion affects occupants. This would allow for publicly available 
performance measures of all tall buildings, which would pressure building owners to 
design buildings that are more comfortable and also potentially install dampers or risk 
their building’s reputation and affect the value of leased floor space. However, it is 
unlikely that government would intervene unless there was a significant risk to occupant 
health. A final regulatory alternative might be incentivisation. Government could 
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potentially provide tax or building cost incentives to building owners creating new 
buildings or retrofitting existing buildings with dampers or aerodynamic improvements. 
The final solution is improved serviceability criteria, which the following section 
discusses.  
The preceding argument assumes a high wind climate, such as Wellington, and buildings 
that are inherently wind-sensitive. Building design in Wellington is constrained by 
earthquake design, high flexibility and low mass structures may be safer for earthquakes, 
but are more wind-sensitive. However, high damping improves building performance for 
both the wind and earthquake response (e.g. Vickery et al. 1982), which could be 
considered by Wellington building designers.    
8.4 Serviceability criteria 
Determining robust serviceability criteria is complex. First, there is no universal 
agreement about which factors serviceability criteria should address. Most criteria only 
address perception, but Kwok et al. (2009) argue that criteria should incorporate comfort 
and wellbeing. Findings from Chapter 7 indicate that the effect on work performance 
could also be included. Second, building designers / owners attempt to balance 
construction costs against the level of motion they believe to be ‘acceptable’. Third, 
engineers cannot accurately predict the dynamic characteristics, mainly due to damping, 
therefore actual building accelerations may exceed the intended maximum acceleration 
(Kareem & Gurley, 1996). The acceleration data measured in this series of studies is not 
suited to direct comparison with the accelerations prescribed by serviceability criteria, 
e.g. ISO 10137: 2007 (International Organisation for Standardisation, 2007), Isyumov 
(1993), AIJ-GEH (2004). In Studies One and Two, accelerations were not measured, and 
in study three, estimated accelerations were used based on regression equations 
calculated from a sample of acceleration data in buildings where instrumentation was 
permitted. The acceleration data were sufficient to confirm building motion was actually 
occurring in the instrumented buildings, and supported participant reports of building 
motion. However, it was not suited to determining full-scale thresholds of perception, nor 
for measuring how changes in the acceleration dose affect occupant comfort.  
 
The findings of these studies can indirectly inform serviceability criteria. The findings from 
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Chapter 7 show that ‘possible’ motion, or motion that must be at or near the threshold of 
perception, induced symptoms of motion sickness including nausea, feeling dizzy, and 
feeling ‘off’, which subsequently led to a degradation of work performance in some 
occupants. This supports Wendt's (1944) assertion that “much motion sickness is of a 
severity so low that it escapes the attention of both the victim and his associates”. 
However, some analyses showed that nausea only occurred during perceptible motion, 
therefore it is not clear whether nausea can occur below the threshold of motion 
perception. Logically, perception must precede complaint; therefore, accelerations below 
perception will reliably prevent complaint. However, there is no empirical evidence to 
show any relationship between the perception of motion and complaint. Perceptible 
building motion is relatively common, but formal complaint is rare, therefore the threshold 
for complaint must be significantly higher than that of perception. Hansen, Reed and 
Vanmarke (1973) introduced the concept of 'tolerance' of motion. These results suggest 
'tolerance' for motion is very high, and building motion rarely exceeds tolerance, leading 
to complaint. Therefore, tolerance should not be the primary measure of the response to 
building motion if the concern is to provide occupants with comfortable buildings. This 
suggests that basing serviceability criteria on the perception of motion alone (AIJ, 2004; 
ISO 10137:2007) will not ensure all occupants will be comfortable in regularly occurring 
wind events. Attempts to improve occupant comfort using reported rates of complaint 
(e.g. Burton et al., 2007; Isyumov and Kilpatrick, 1996), may overlook discomfort that 
does not result in complaint.  
The effects observed in Chapter 7 occurred at predicted accelerations that are below the 
office curve in ISO 10137:2007. However, predicted accelerations for most of the 
buildings in Study 3, exceed or are close to the ISO 10137:2007 office limit. Findings from 
Study 3 indicate that accelerations below the ISO 10137:2007 limit will not ensure that all 
occupants are comfortable.  
8.4.1 Designing for motion sickness 
Almost all motion sickness occurs below 0.4 Hz, the most nauseogenic environments 
being those with a combination of the highest accelerations at the lowest frequencies 
(Guignard & McCauley, 1990). Because individuals are the least sensitive to the 
perception of motion at the lowest frequencies, all serviceability criteria (with the 
exception of Isyumov, 1993) specify that the highest ‘allowable’ accelerations be at the 
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lowest frequencies. While this might minimise the perception of building motion, it might 
also maximise the likelihood of producing motion sickness. That is, serviceability criteria 
may be specifying the most nauseogenic combination of frequencies and acceleration in 
an effort to minimise perceptible motion. It is possible that minimising motion sickness 
and perceptible motion are two mutually exclusive design criteria. A motion simulator 
study could test this hypothesis. Support of this hypothesis would require building 
designers to balance the perception of motion against potential motion sickness.  
8.4.2 Office vs. residential buildings 
All serviceability criteria specify more stringent acceleration limits for residential buildings 
than office buildings, on the logic that residents inhabit those buildings for a greater 
number of hours than office buildings. Isyumov (1993) concedes that there is an 
argument for the reverse. While highly susceptible individuals report that they avoid 
motion environments, they report a preference to work on low floors, but they are no less 
likely to work on high floors than the least susceptible individuals. One could argue that 
there is more freedom involved in the selection of one's residence than workplace. Future 
research could conduct a longitudinal study of occupants of a tall residential building to 
determine how motion affects residential building occupants and whether residential 
building occupants on high floors have a lower susceptibility to motion sickness than in 
the general population.  
8.4.3 Next generation serviceability criteria 
The current generation of serviceability criteria, ISO 10137: 2007 (International 
Organisation for Standardisation, 2007) and AIJ-GEH (2004), estimate the 
frequency-dependent thresholds of perception for a given proportion of building 
occupants, focusing primarily on the perception of motion. Future research could attempt 
to validate these perception curves in full-scale studies. Next generation serviceability 
criteria should include not only perception, but also separate curves for occupant 
comfort, low-dose motion sickness, high-dose motion sickness, and degradation of work 
performance. Obviously, the latter would require a more extensive understanding of how 
frequency, acceleration, and the duration of exposure to motion modulate the response 
to motion. 
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Future serviceability criteria should take into account the likely distribution of 
susceptibility to motion sickness of building occupants. Simulator studies addressing 
motion sickness should report the distribution of MSSQ scores in their samples to ensure 
they represent highly susceptible individuals, as studies with samples biased towards 
lower MSSQ scores will underestimate the potential effects of motion. Highly susceptible 
individuals are known to avoid motion environments where possible (Chapter 5), and 
therefore simulator studies that do not target highly susceptible individuals will likely not 
have representative samples. Clearly, the quality of research limits the quality and 
accuracy of serviceability criteria.  
8.5 Theories of motion sickness 
A secondary aim of this thesis is not only to draw on contemporary motion sicknesses 
research, but to contribute to it. This section attempts to extend current theories of motion 
sickness, based on the established theories of Riccio and Stoffregen (1991) and 
Takahashi, Ogata and Miura (1995), incorporating findings from this thesis and the 
engineering literature on the occupant response to building motion.  
There is no universally accepted theory that explains why motion sickness occurs. 
Guedry, Rupert and Reschke (1998) state that any theory of motion sickness is likely to 
be complex. This is in part due to the complexity of human physiology, perception and 
how individuals interact with their environment. Understanding the cause of motion 
sickness will likely aid building designers' ability to minimise nauseogenic characteristics 
of building motion, and in turn create environments that are more comfortable for 
occupants.  
8.5.1 Decoupling of perception and control  
Takahasi, Ogata and Muira (1995) propose that motion sickness is the result of 
disorientation. Motion sickness researchers often cite disorientation as a potential cause 
of motion sickness, usually in the context of sensory conflict, which is criticised for being 
unverifiable and not parsimonious with regard to perception and action (Stoffregen & 
Riccio, 1991). However, Takahasi, Ogata and Muira (1995) regard disorientation as the 
cause of motion sickness, preceded by postural instability, as an objective measure of 
disorientation. Takahasi, Ogata and Muira (1995) suggest that motion sickness serves as 
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the body’s warning system against possible harm. In Riccio and Stoffregen’s (1991) view, 
instability causes motion sickness, through an undetermined mechanism. Postural 
Instability Theory proposes that instability arises from an inappropriate control strategy 
(Riccio & Stoffregen, 1991) or destructive wave interference with normal body sway 
(Stoffregen & Smart, 1998).  
A revision to Postural Instability Theory is proposed. Under static conditions, an 
individual's perception of their environment and postural control are tightly coupled. Here, 
coupling means that perceptual information successfully supports an individual's ability 
to act or complete their goals, for instance, walking from one side of a room to the other. 
If perception does not adequately support a given behaviour, the goal is more difficult or 
unachievable. For example, standing in a normal room, postural control is simple to 
maintain. If the room, but not the floor, began to oscillate back and forth (see Lee and 
Lishman, 1975; Stoffregen et al., 2010) an individual's posture would become unstable 
as the perceptual information provided by the moving walls would initially be confusing. 
Visual information indicates changes in posture are appropriate, however, the lack of 
corresponding real motion would instead destabilise posture. Here, perception and 
action are temporarily uncoupled, as confusing perceptual information does not support 
stable posture.  
It is proposed that the decoupling of perception and control induces motion sickness, and 
postural instability as a consequence of this. The theory that the decoupling of perception 
and control causes motion sickness is supported by Takahasi, Ogata and Muira (1995) 
who observed that the sudden onset of motion sickness followed erroneous actions, 
such as turning in the wrong direction when following a path while wearing 
prism-reversing glasses.   
Adaptation to a new motion environment, as in Riccio and Stoffregen’s (1991) notion of 
learning an appropriate control strategy, would recouple perception and action, and 
therefore reduce instability. In the previous example, this would mean learning that in the 
absence of vestibular cues to motion, visual information does not provide information that 
will stabilise posture and therefore control. Ignoring visual cues should recouple 
perception and control, and posture should stabilise. This conceptualisation differs to 
SCT (Sensory Conflict Theory) insofar as the coupling of perception and action is fluid, 
and need only be defined in terms of changes in the current coupling of perception and 
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action, not a neurally stored representation of prior experience. Here, the decoupling of 
perception and control is emergent, it is not identified by a ‘conflict detector’ as in SCT.  
The emergent decoupling of perception and control would likely induce postural 
instability. Individuals might potentially detect proprioceptive or vestibular cues to 
instability, as humans have a strong reflex to detect imbalance before falling, and similar 
but more subtle cues might signal instability. An intact vestibular system has been shown 
to be necessary to provoke nausea (James, 1882), however with the use of 
prism-reversed glasses, postural instability can be induced in those without an intact 
vestibular system, but they do not feel nausea (Takahashi, Ogata & Miura, 1997). The 
vestibular system may be necessary to detect postural instability and therefore induce 
nausea, but may not be a necessary requirement for postural instability.  
The conscious experience of decoupling would likely be disorientation, a predictable 
response to confusing stimuli. Money (1970) suggests that nauseogenic environments 
are perceptually "confusing", preferring that term to "conflicting". In Riccio and 
Stoffregen's (1991) view, prolonged instability causes motion sickness, however, the 
proposed revision suggests that short but severe violations to the coupling of perception 
and control would be sufficient to produce motion sickness. As in the above example of 
making a wrong turn while wearing prism-reversed glasses (Takahashi, Ogata & Miura, 
1997), and experiments using cross-coupled angular acceleration, motion sickness can 
be induced very rapidly, sometimes in less than a second (Reason & Brand, 1975).    
The decoupling of perception and control is a preferable conceptualisation to Postural 
Instability Theory for several reasons. The revision provides a framework for 
quantitatively describing a response to a motion environment. Examining the coupling, or 
the relationship between imposed motion and the individual's response (sway or control), 
allows for sway to be defined with regard to the environment. Otherwise, one must 
separately measure postural instability in a motion environment, where the controlled 
response to motion is indistinguishable from the imposed response to motion. In other 
words, the component of sway that results from attempting to compensate for motion and 
the component of sway that is simply the physical response to motion (i.e. even an 
inanimate object responds to motion) are not clearly separated. This presents a problem, 
increases in postural motion are shown in non-sick individuals (e.g. Smart, Stoffregen & 
Bardy, 2002; Stoffregen et al., 2010; Villard et al., 2008), but the characteristics of 'good 
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sway' and 'bad sway' are difficult to distinguish. Defining the response in terms of 
decoupling, inherently defines an appropriate control strategy as one that recouples 
perception and control. The following section proposes a method to measure decoupling.  
Any theory of motion sickness must account for habituation. Habituation to motion would 
occur through learning strategies to compensate for decoupling, which may require a 
period of rehabituation, or recoupling, which Graybiel and Knepton (1976) report occurs 
in sailors when they return to sea. Decoupling may also explain why habituation to motion 
is specific (Benson, 1984), because exposure to motion at different frequencies would 
disrupt perception and control in different ways, and would need to be recoupled using 
slightly different postural compensations.      
8.5.2 Inaccurate perception of low frequency motion 
Any theory of motion sickness must also account for the frequency dependence of 
motion sickness. Twenty-five years ago, Jeary (1988) noted that while the perception of 
motion is frequency dependent, investigators offered no theoretical justification for the 
observed trend. Sensory Conflict Theory also makes little attempt to explain why motion 
sickness is limited to low frequencies. Postural Instability Theory is one of the few 
theories that addresses frequency dependence, arguing that motion in the range of 
natural body sway interferes with body sway (Stoffregen & Smart, 1998).   
An alternative explanation is proposed. Simulator studies of perception thresholds have 
shown that individuals are the least sensitive to motion at the lowest frequencies (e.g. 
Kanda et al., 1990; Tamura et al., 2006). Further, at low frequencies, individuals are poor 
at reporting the shape or direction of motion (Noguchi et al., 1993). Just as some 
frequencies are too low for humans to hear, some frequencies might be too low for 
humans to feel. It is well established that control, or the ability to anticipate motion 
reduces motion sickness. For example, car drivers have more control over the motion 
characteristics than passengers, and therefore are less likely to suffer motion sickness 
(Dong et al., 2011; Fukuda, 1975). Exposure to motion in the absence of visual cues, and 
at low frequencies where people are poor at determining the strength and direction (or 
even presence) of motion, forces individuals into compensatory postural control 
strategies, which would be more likely to induce a decoupling of perception and control, 
thus instability and motion sickness. Put another way, how might one maintain a stable 
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posture in a motion environment when they cannot perceive motion, or their perception of 
motion is at odds with actual motion? Presumably, at higher frequencies and 
accelerations motion is more obvious and easily anticipated. Burton et al. (2005) found a 
higher incidence of nausea caused by random motion than more predictable sinusoidal 
motion, and concluded that control over motion characteristics might have been 
responsible for lower rates of nausea. Random and therefore unpredictable motion 
would be more likely to provide disorientating sensory information and decouple 
perception and control than predictable motion, and more so when the direction of that 
motion is imperceptible. Additionally, Kanda et al. (1994) showed a greater degree of 
variability in thresholds of perception at low frequencies, which could potentially explain 
variability in susceptibility to motion sickness.  
The perception of motion may be frequency dependent because the information 
available at low frequencies might be less obvious. While standing in a motion simulator, 
high frequency motion occurs faster and is likely easier to perceive the shape and limits 
of motion while being rocked quickly from side-to-side. Low-frequency motion, however, 
has a much longer period, and a motion from side-to-side can take a few seconds. This 
slow and less defined motion might be more difficult to perceive, and therefore anticipate. 
One could test this theory by placing participants in a motion simulator and asking them 
to move a joystick in rhythm with a sinusoidal wave at different frequencies. The 
proposed theory, shown in Figure 8.2, would predict that at high frequencies (the top 
wave) participants perception of the curve (the red dots) would closely match the actual 
curve, but at low frequencies (the bottom wave) participants would less accurately judge 
their position with respect to actual motion. In addition, postural instability would be 
concomitant with the low frequency wave, but not the high frequency wave.    
 
 
 
251 
 
Figure 8.2. Proposed perception of low frequency motion with the black line indicating the actual 
motion, and the red dots showing reported perception of that motion. The high frequency is above, 
and the low frequency below    
8.5.3 Gravitioinertial force vectors (GIVs)  
For the concept of decoupling of perception and control to be useful, it must be 
measurable. Decoupling is defined as the distance between intended control, and the 
actual control. Imposed motion at low frequencies has been shown to magnify body sway 
(Burton et al., 2006), as people function like inverted pendulums, pivoting about the point 
of contact with the ground (Chang, 1973). However, increased body sway is not the same 
as instability; instability implies a random component of the response to imposed motion, 
where increased sway might be predictable, or non-random. The random, or unstable, 
part of sway is of interest with respect to motion sickness (e.g. Stoffregen et al., 2010; 
Takahashi, Ogata & Miura, 1995). The challenge for researchers is to identify the 
uncontrolled or unintended component of body sway. Gravitioinertial force vectors 
(GIVs), described in Chapter 3, might provide the basis for separating these components 
of sway. GIVs are essentially the combined force vectors imposed on an individual. 
When a human is standing upright, and static, they align with the GIV imposed by gravity; 
there are no other external forces. Under linear acceleration, individuals maintain 
balance by resisting the force and aligning posture with the GIV (Riccio & Stoffregen, 
1988). In a motion environment, the GIV will change in relation to the motion 
characteristics of the room (or environment), and the maintenance of posture would 
require posture (or a postural vector) to correlate highly with the GIV. The deviation of 
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posture from the GIV may provide a measure of instability, and therefore may predict the 
onset of motion sickness. Larger deviations of posture from the GIV would show a control 
strategy that is inappropriate for the motion environment, with a large amount of random 
sway, and would likely induce higher rates of motion sickness. A high correlation 
between the postural vector and the GIV would show an appropriate control strategy, 
where body sway is non-random and governed by the individual's response to the motion 
environment. Significant sway may occur, but here the sway is controlled, and sway is in 
response to imposed motion. As an example, in a car, one would expect that the 
correlation between posture and the GIV would be higher for drivers than passengers, 
because the driver can anticipate changes in the GIV. This theory predicts larger postural 
deviations from GIVs at lower frequencies. Studies of Postural Instability Theory have 
been unable to identify the exact parameters of sway that relate to motion sickness (e.g. 
Stoffregen et al., 2010); the magnitude, variability, or predictability of sway. The proposed 
theory suggests how future studies could objectively measure instability with respect to 
measures of imposed motion. The proposed method measures not just the postural 
reaction to imposed motion (body sway), but the interaction between the environment 
and the individual in a composite measure. This approach follows the method of 
ecological psychology, where the interaction between the individual and their 
environment is the unit of analysis, not either in isolation.   
Any theory of motion sickness must also account for visually induced motion sickness. 
The same method could measure the response to visually imposed motion sickness. 
Riccio and Stoffregen (1991) hypothesised that visual cues to motion, for example a 
video game viewed on a TV, induce erroneous postural adjustments that introduce 
instability. Therefore, visually imposed motion may increase instability by having a low 
correlation with the GIVs, which in this case would be a constant.   
8.5.4 Implications of theories of motion sickness for tall building motion 
In the context of disorientation theories, the random motion of buildings often occurs at 
frequencies that humans poorly detect, and usually in the absence of visual cues to 
motion. This confusing sensory information may cause disorientation and motion 
sickness in some building occupants. If motion sickness is indeed a warning system, as 
proposed by Takahashi, Ogata and Miura (1995), it would be expected that building 
motion would be judged as unpleasant and some occupants would report a preference to 
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avoid the environment during motion, both of which were reported in Chapter 7. If motion 
sickness is indeed a warning system to motion, some occupants might be biologically 
predisposed to interpreting motion as a potentially harmful environment. Future research 
might examine this hypothesis. More sophisticated and comprehensive theories of 
motion sickness may help building designers reduce the types of motion that are most 
problematic for building occupants, or develop interventions to reduce the impact of 
motion on susceptible individuals.   
8.6 Limitations and Future research 
There are five main areas where future research could contribute. First, understanding 
the 'doses' of motion required to adversely affect occupant comfort, wellbeing and work 
performance. Second, to understand the full range of low-dose effects of motion, i.e. 
potential effects in addition to tiredness, distractibility and low mood. Third, to identify the 
physical and physiological responses to motion, particularly the effects of body sway and 
changes in arousal across doses of motion. Fourth, to understand how motion affects 
work performance across a greater range of measures and conditions. And finally, to 
determine robust and comprehensive criteria to minimise the effects of motion on 
building occupants.   
Future research would ideally utilise the greater level of experimental control afforded by 
motion simulators, in cooperation with full-scale studies to validate those results and to 
provide exploratory information about the occupant response to building motion. 
However, full-scale studies face a number of challenges, particularly the unwillingness of 
building owners to risk the reputation of their building by participating in research 
(Denoon et al., 2000; Isyumov & Kilpatrick, 1996; Kijewski-Correa & Pirna, 2009; Kwok et 
al., 2009). Aside from gaining permission from building owners, the recruitment of 
organisations is difficult as few are willing to commit staff resources to research. Within 3 
hours of beginning to distribute surveys in Wellington (Chapter 5) one building owner 
made contact, asking why investigators were interested in occupants of their building. 
The same building owner was “adamantly opposed” to participants in the longitudinal 
study keeping accelerometers in their building. While other authors have noted a lack of 
support from building owners, here, building owners actively impeded the research 
progress. Attempts to address their concerns were ineffective. It seems likely that 
restricted access to tall buildings and their occupants will remain a challenge for future 
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studies.   
8.6.1 Longitudinal research 
The series of studies presented in this thesis have shown that low-dose symptoms of 
motion sickness can affect building occupants. However, the studies were limited in that 
they did not provide explicit data to estimate the accelerations, frequencies and durations 
of exposure to motion that produced the reported effects. As shown in Chapter 7, these 
effects can begin to occur around the threshold for the perception of motion, and 
potentially below it. A future study could use a similar method as used in Chapter 7, but 
with a smaller sample and high quality accelerometers across the entire period of testing.  
Future studies could also include a greater range of objective tests and explore other 
potential compensatory behaviours. For instance, participants reported a higher level of 
distraction from work tasks during building motion, therefore, the length of time spent on 
non-work tasks could be measured. An indirect measure of this is likely included in 
self-reported work performance, but a more direct measure of this would be preferable. 
The longitudinal method could further be extended to surveying occupants several times 
during the day to examine the development of symptoms of motion sickness across the 
day, e.g. at 11am, 2pm and 4:30pm, against changes in acceleration across the day. 
Postural variability could also be measured using a force plate place under the office 
chair for some participants under the hypothesis that more postural variability would be 
shown during building motion and greater variability would be shown by those who report 
motion sickness. 
Stoffregen, et al. (2010) reported late onset motion sickness up to 12 hours after 
exposure to motion. No studies have examined late onset motion sickness in tall building 
occupants. Future studies could investigate whether late onset symptoms occur, and 
how long symptoms might persist after leaving the building environment. The extent to 
which building motion can affect participants outside of their work environment could be 
an important facet of occupant wellbeing. Future studies could assess late onset motion 
sickness by asking participants to complete a follow-up survey around 4 to 5 hours after 
they leave the work place. The current series of studies showed that motion can induce 
low-dose symptoms of difficulty concentrating, tiredness, distractibility and low mood and 
motivation. Future research may reveal other low-dose symptoms. 
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8.6.2 Motion simulator studies 
No studies have attempted to validate the extent to which motion simulators actually 
simulate building motion from an occupant perspective. It would be prudent to conduct a 
small study asking 10-15 individuals who regularly experience building motion to rate 
their experience of simulated motion with respect to actual tall building motion. One 
should not assume that because simulated motion uses an acceleration trace from actual 
tall buildings that the motion is veridical. An alternative method would be to expose a 
random sample of participants to simulator motion matching the range, frequency and 
duration of motion in the longitudinal study and ask them to complete a questionnaire 
identical to that used in Chapter 7. Measures of unpleasantness, preference to move to 
another location, objection to motion and measures of wellbeing could be included.   
8.6.3 Generalisation to other cities 
The comparison between Wellington and Sydney showed that building motion is more 
frequent and likely stronger in Wellington. However, it is unlikely that building motion in 
Wellington is different to that which occurs in other countries. The most likely difference is 
that motion occurs in shorter buildings and on lower floors than might occur in other 
countries with milder wind climates. The low rate of complaint observed in Wellington 
could be due to cultural factors unique to New Zealanders. This seems unlikely because 
other studies have reported similarly low rates of formal complaint (Burton, 2006). 
However, it would be preferable to conduct similar studies in other cities and in taller 
buildings to examine the effect of higher accelerations.    
8.6.4 Habituation and susceptibility to motion sickness 
Motion sickness researchers do not understand how people habituate to motion. It is 
likely that advances in the understanding of motion sickness will occur before advances 
in understating habituation. The sporadic nature of wind-induced building motion and the 
frequency-specific nature of habituation suggests that habituation to building motion may 
be difficult. Burton (2006) suggests that the random characteristics of building motion 
might also contribute to the difficulty. Changes in postural instability with respect to 
habituation are not yet studied. In the context of the proposed revisions to Postural 
Instability Theory, decoupling will occur during motion sickness, and recoupling, and 
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lower levels of sway should occur as symptoms abate. Reason and Brand (1975) 
suggested that the ability to habituate to motion, and the ability to retain that habituation 
is a component of susceptibility to motion sickness, however the MSSQ does not appear 
to measure this. Further, the MSSQ has only a moderate relationship with objective 
measures of motion sickness, such as the duration of time required to produce nausea in 
a motion simulator (Golding, 1998). Future research could attempt to derive a more 
comprehensive measure of susceptibility to motion sickness that more accurately 
predicts actual motion sickness and the ability to habituate to motion. These measures 
could potentially include avoidance of motion environments.  
8.6.5 Quantifying the dose of motion 
The largest challenge facing building motion researchers is the quantification of the dose 
of motion that causes discomfort, and the subsequent degradation of work performance. 
The motion sickness 'dose' would likely be a complex interaction of susceptibility to 
motion sickness and the duration and strength of building motion. Motion dose is likely to 
be a more comprehensive indicator of the response to motion than the single maximum 
peak acceleration used by current serviceability criteria.  
8.6.6 Summary 
Motion sickness is clearly the most significant effect of building motion on occupants. 
Susceptibility to motion sickness moderates the effect of building motion on occupants, 
and motion sickness mediates the effect of building motion on work performance. 
Ultimately, building occupants are forced to either manage their own exposure to building 
motion through compensatory behaviours, or in some cases, organisations may choose 
move to a different location. These strategies are more likely than building owners 
modifying existing buildings at considerable expense, especially given that formal 
complaint is exceedingly rare, which owners likely interpret as 'acceptable' building 
performance.  
Determining robust serviceability criteria is difficult, due to variability and complexity of 
the human response to motion. Serviceability criteria should include not only the 
perception of motion, but the comfort and wellbeing of occupants, and their ability 
maintain work performance during motion. Developing such criteria relies on an 
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understanding of the dose of motion that induces adverse effects. The following chapter 
provides the conclusions of this thesis.    
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Chapter 9  
Conclusions 
Almost 40 years ago, Robertson (1973) proposed that building motion research should 
aim to create a, "comprehensive design standard for the effects of wind-induced building 
motion, addressing effects of building motion both above and below the threshold for the 
perception of motion" (p. 178). However, the majority of research has focused on 
establishing the threshold of perception for motion (e.g. Kanda et al., 1994; Nakata, 
Tamura & Otsuki, 1993; Noguchi, et al., 1993; Tamura et al., 2006), rather than other 
occupant effects, including comfort, wellbeing and work performance. Building motion 
research has favoured artificial motion simulator studies over realistic full-scale studies, 
largely due to the difficulty of accessing actual tall building occupants and the reluctance 
of building owners to support research that could potentially undermine the reputation of 
their building. It is necessary to understand the potential adverse effects of building 
motion on occupants for several reasons; to minimise occupant discomfort and disruption 
to work, and to generate a robust set of guidelines (serviceability criteria) that reliably 
produce buildings that are comfortable for occupants and perform satisfactorily for 
owners. This thesis aimed to investigate the effects of wind-induced tall building motion 
on the work performance, comfort and wellbeing of occupants of actual tall buildings. A 
main focus of this thesis was to determine the role of motion sickness in the occupant 
response to motion and identify the potential influence of ‘low-dose’ motion sickness or 
early onset symptoms of motion sickness, such as sopite syndrome (Graybiel & Knepton, 
1976), which have not been examined by previous studies.  
The majority of engineering literature (Chapter 2) on building motion implicitly, and often 
explicitly, aims to minimise formal occupant complaint (Hansen, Reed & Vanmarke, 
1973; Isyumov & Kilpatrick, 1996; Burton, 2006) by attempting to minimise perceptible 
building accelerations. The focus on occupant complaint has led to a number of implicit 
assumptions about occupant complaint, for instance, that office workers are free and 
willing to complain about discomfort, and that no record of formal complaint is evidence of 
satisfactory building performance. Subsequently, the comfort of building occupants is 
less considered than the potential adverse outcomes, being complaint. The effect of 
building motion on work performance is mostly unknown. Previous studies have not 
found obvious or easily detectable motion-induced degradation in cognitive or work 
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performance in motion simulator studies (Burton et al., 2011; Denoon et al., 2000; Jeary, 
1988; Morris et al., 1979). However, these studies typically use performance measures 
that are too simplistic or not representative of actual office work, and typically expose 
participants to motion that may be of too brief a period for performance degradation to be 
observed.   
Motion sickness is the most significant adverse response to building motion. Few 
engineering studies of building motion examine the occupant response to motion within 
contemporary of theories of motion sickness or explore less known early onset 
symptoms of motion sickness. Chapter 3 reviewed the motion sickness literature, 
identifying a wide range of symptoms seldom considered as possible occupant 
responses to motion, particularly sopite syndrome (Graybiel & Knepton, 1973), 
characterised by tiredness, difficulty concentrating, low mood and lowered motivation. 
Motion sickness can occur due to real or apparent motion, and the incidence of motion 
sickness increases at high accelerations and very low frequencies (Guignard & 
McCauley, 1990). Individual susceptibility to motion sickness, duration of exposure, 
habituation and behaviour in that environment moderate the incidence of motion 
sickness (Reason & Brand, 1975).  
Chapter 4 examined the occupant response to building motion within a dose-response 
model. Walton, Lamb and Kwok (2010) predicted that sopite syndrome affects a greater 
proportion of occupants than nausea, which building occupants may misattribute to 
factors other than building motion, such as work stress and fatigue, because of the 
subtlety of the symptoms. Chapter 4 discussed the challenges of defining and measuring 
work performance and proposed a method to measure work performance in tall building 
occupants.  
9.1.1 Ground-level surveys of the occupant response to building motion in 
Wellington, New Zealand, and Sydney, Australia 
Previous building motion studies rarely examine individual factors beyond basic 
demographic differences. Few studies measure susceptibility to motion sickness (e.g. 
Burton, 2006; Michaels, 2010), and the relationship between susceptibility to motion 
sickness and the response to building motion is not well understood. Previous studies 
have assumed that the distribution of individual differences, particularly susceptibility to 
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motion sickness, is random across all floors within a tall building. No studies have 
examined whether individuals highly susceptible to motion sickness avoid working in tall 
buildings. Study 1 (Chapter 5) aimed to measure the influence of individual differences in 
the response to building motion, particularly susceptibility to motion sickness, the 
potential presence of low-dose symptoms of motion sickness and to explore factors 
concerning formal complaint.  
1014 Central Business District (CBD) workers in Wellington, New Zealand, were 
surveyed to investigate their experiences of tall building motion. Wellington, the capital of 
New Zealand, is known as one of the most consistently windy cities in the world, and 
motion sickness is known to occur in some Wellington buildings (Cenek & Wood, 1990). 
Forty-two percent of respondents (N = 229) reported that they had felt wind-induced 
building motion, observed across 29 different tall buildings. Individuals who are highly 
susceptible to motion sickness reported a strong preference to work on the lowest floors 
of tall buildings rather than the highest floors. However, the most susceptible individuals 
worked on the same mean floor as the least susceptible individuals. Highly susceptible 
individuals reported the avoidance of common nauseogenic environments, which 
indicates that these individuals are constrained in their ability to avoid working in tall 
buildings. Highly susceptible individuals were subsequently more likely to experience 
motion sickness (reported by a fifth of occupants), and were more likely to actively 
manage their work environment with compensatory behaviours, such as taking more 
breaks. Building motion induced symptoms of sopite syndrome, mainly difficulty 
concentrating, in almost half of occupants. These adverse reactions to building motion 
appear likely to degrade work performance. Susceptibility to motion sickness is the single 
most influential factor predicting an individual's response to building motion. Despite 
respondents judging building motion as unpleasant and causing occupant discomfort, 
occupants almost never formally complained, contradicting the belief that formal 
complaint is a reliable indicator of building performance. However, just under half of 
occupants complained informally to friends, family and colleagues. Some participants 
indicated constraints on the ability to complain, reporting that complaint might jeopardise 
their employment. Formal complaints indicate poor building performance, but the 
absence of formal complaint is not evidence of acceptable building performance.  
Study 2 (Chapter 6) compares the results from Wellington to the same survey conducted 
in Sydney, Australia, to evaluate the generalisability of the findings reported in Wellington 
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to other cities. Wellington is unique because of its high average wind speed and high 
earthquake risk. Design codes specify that Wellington buildings should be flexible to 
ensure their safety in earthquakes events, which increases their sensitivity to wind 
excitation.  
Survey responses from Sydney, Australia, revealed that wind-induced building motion in 
tall office buildings was four times less likely than in Wellington. Sydney respondents felt 
building motion on significantly higher floors and in taller buildings than in Wellington, 
likely due to the combination of higher wind speeds in Wellington and more 
wind-susceptible buildings. Reported susceptibility to motion sickness did not 
significantly differ between cities, despite a much higher rate of reported building motion 
in Wellington. The likelihood of reporting building motion was independent of 
susceptibility to motion sickness. Therefore, the observed responses to motion are likely 
to be representative of the general population, and it is unlikely that the Sydney and 
Wellington samples are biased towards high levels of susceptibility. Highly susceptible 
respondents in the Sydney sample exhibited a similar pattern of avoidance of motion 
environments, and a preference for working on the lowest floors, to that observed in 
Wellington. As in Wellington, highly susceptible individuals worked on the same mean 
floor as the least susceptible individuals. Reports of dizziness, annoyance, nausea, 
headaches and difficulty concentrating were all significantly more likely in Wellington 
than Sydney, likely due to the longer durations of motion in reported in Wellington and 
likely higher magnitudes of motion. Despite a greater opportunity to habituate to building 
motion in Wellington, habituation was no more likely in Wellington than in Sydney. In both 
cities, reported formal complaint was near zero, as respondents directed almost all 
complaint to family and co-workers.  
9.1.2 A longitudinal study of occupant comfort, wellbeing and work performance 
The preceding studies showed that susceptibility to motion sickness predicted the 
likelihood of building occupants reporting negative effects of building motion, which may 
affect work performance. Chapter 7 (Study 3) described a longitudinal study of work 
performance, wellbeing and comfort in a sample of 47 Wellington Central Business 
District (CBD) office workers working on high floors in tall buildings over 8 months. A 
quasi-experimental design compared the responses of tall building occupants to a 
sample of 53 office workers near the ground floor. Occupant responses to motion were 
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collected using CAPI (Computer Aided Personal Interviewing) surveys, collecting 2,261 
surveys across a range of wind conditions from calm days to high winds. Participant 
reports of building motion were credible, supported by objectively measured wind speed 
and acceleration data. Building occupants reported both high-dose (nausea and 
dizziness) and low-dose symptoms of motion sickness (tiredness, distraction and feeling 
‘off’, low mood and motivation). Clusters of both low- and high-dose symptoms were 2-3 
times more likely to occur during building motion than under no-motion conditions. 
Therefore, motion sickness, including early onset motion sickness, is more likely to occur 
during exposure to building motion. Low-dose symptoms are relatively common, subtle 
and can occur for reasons other than building motion, therefore it is likely difficult for 
building occupants to accurately determine the cause of their discomfort.  
Self-reported work performance decreased significantly during reported building motion. 
Reported symptoms of motion sickness accounted for more variation in work 
performance than the occurrence of building motion. This indicates that symptoms of 
motion sickness impair work performance, not the direct effects of building motion, for 
example, mechanical interference with work tasks. Building occupants affected by 
‘moderate’ to ‘high’ levels of motion sickness report performance impairments of .76 to 
.90 standard deviations below their normal performance. Objective measures of task 
performance support these trends, although with smaller effect sizes. Building motion is 
almost universally judged to be unpleasant, but despite this and frequently reported 
occupant discomfort, a relatively small proportion of occupants judged motion to be 
objectionable. This also suggests that occupants underestimate the extent to which 
building motion affects them. Up to 30% of building occupants attempted to manage their 
discomfort by taking analgesic medication; general-purpose analgesics are unlikely to 
alleviate symptoms of motion sickness. The most susceptible individuals to motion 
sickness took 31% longer breaks to reduce their exposure to motion.  
Motion sickness is clearly the most significant effect of building motion. The ground-level 
surveys of building motion showed that individual susceptibility to motion sickness 
moderates the effect of building motion on symptoms of motion sickness, and the 
longitudinal study showed that symptoms of motion sickness mediate the effect of 
building motion on work performance. The study measured significant adverse affects in 
about 10% of occupants that occur in Wellington on 23% of workdays. Given that Study 1 
indicated that occupants have limited freedom to avoid working in tall buildings, the most 
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sensitive individuals are forced to endure motion-induced discomfort. Studies such as 
Stoffregen et al. (2010) have shown that exposure to imperceptible motion can induce 
motion sickness. Long duration exposure to low accelerations, around or possibly below 
the threshold of perception, may cause a greater discomfort than previously thought. To 
improve serviceability criteria, future research could determine the 'dose' of motion that 
produces the effects observed in this series of studies, in terms of both low- (e,g. 
tiredness and distraction) and high-dose motion sickness (i.e. nausea). The motion 
sickness 'dose' is likely be a complex interaction of the duration, strength and frequency 
of motion, moderated by individual susceptibility to motion sickness.  
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Glossary  
Accelerometer :  
 
Device used to measure acceleration. 
Anemometer:  
 
Device used to measure wind speeds. 
Beaufort Scale:  
 
Scale used to classify categories of wind speeds at ground level. 
CAPI survey:  
 
Computer Aided Personal Interview. Electronic method of survey 
delivery.   
Effect size:  
 
Indicator of the size of a mean difference; the proportion of the 
mean difference relative to the combined standard deviation 
(variation) of the two groups (e.g. Cohen’s d). A large effect size 
shows that the independent (or manipulated) variable accounts for 
a large amount of the difference shown between two groups. 
Full-scale study:  
 
Study conducted in the real world, as opposed to a simulated study. 
High-dose motion 
sickness:  
Classic symptoms of motion sickness, primarily nausea and 
dizziness.   
Item:  
 
Single question included in a survey. 
Low-dose motion 
sickness:  
 
Early onset motion motion sickness, or sopite syndrome, caused by 
exposure to low accelerations, characterised by tiredness, low 
motivation, and low mood.    
Milli-g (mG):  
 
1 mG is equal to 1/1000th of gravity, or 0.0098 m/s2 
Multi-level 
Modelling (MLM):  
 
Statistical test used to account for the clustering of data in 
longitudinal research 
Non-parametric 
tests:  
 
Statistical tests that do not make the assumption that data are 
normality distributed.   
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Norms:  
 
The average value and expected variation for the population or 
subpopulation based on a large number of measurements on a 
particular factor. 
Peak acceleration:  
 
The single maximum acceleration recorded within a given period. 
Prodromal 
symptom:  
 
Early onset symptom that precedes the actual condition.   
Proprioception:  
 
Proprioceptors (e.g. muscles, tendons that provide a self of the 
body’s location in space). 
R.M.S. 
acceleration:   
 
Or standard deviation acceleration, that describes the distribution of 
acceleration peaks over a given period. 
Return period:  The probability of an event occurring expressed using a time period 
for which an event is expected to occur 
 
Serviceability 
criteria:  
 
Guidelines that define the acceptability of building motion for 
building occupants.    
Significance 
testing :  
An estimate of how reliable a reported statistic is. If a mean is 
reported significant at the p < .05 (p denotes probability), then there 
is a 5% chance that the observed difference is due sampling error 
and is not a ‘real’ difference that would be found if the entire 
population was measured. 
 
Sopite syndrome:  
 
Early onset motion sickness characterised by tiredness, low 
motivation, and low mood. 
Threshold of 
perception:  
 
The acceleration at which motion is perceptible to an individual.   
Vestibular system:  
 
The organ responsible for the perception of motion, consisting of 
the semi-circular canals and the otoliths. 
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Appendices  
Appendix A: Participant documents 
Appendix B: Ground-level survey 
Appendix C: Longitudinal CAPI Survey 
Appendix D: Accelerometer calibrations 
Appendix E: Building Acceleration vs. Wind Speed plots 
Appendix F: Wellington Wind Return Periods 
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Appendix A: Participant documents 
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A-1 Ground-level survey - Cover letter 
University of Western Sydney 
via New Zealand Postal Address 
PO Box 2142 
Wellington 
 
 
Re: Invitation to Participate in Research 
 
Dear Sir / Madam,  
 
My name is Steve Lamb and I am a New Zealand PhD student studying environmental influences on 
wellbeing and productivity in the workplace. I am particularly interested in the effects of tall-building 
movement, which is sometimes felt by building occupants during strong winds. Symptoms of motion sickness 
have been reported by some building occupants, but the effects of building movement on the comfort, 
wellbeing and productivity of building occupants are largely unknown. Please help me with this research by 
filling out the enclosed survey. The survey will ask you questions about your experience working or living in 
tall buildings, your experience with motion sickness and some general questions about you. Even if you have 
not worked in a tall building, please consider taking part as only one section of the survey relates to 
experience with building motion. Anybody over 18 years of age can participate in this study.  
 
This research is conducted through The University of Western Sydney and is part of an international 
collaboration between universities New Zealand, Australia and Hong Kong. The study is funded by the 
Australian Research Council’s Discovery Projects initiative and is supervised by Prof. Kenny Kwok and Dr. 
Darren Walton. 
 
As a thank you for your time, I would like to offer you a free coffee (or tea / juice if you prefer) from The Coffee 
Club. You can collect your free coffee for up to one month from the date you were given the survey pack. You 
simply need to take the enclosed voucher to The Coffee Club located in Chews Lane, (in between Willis & 
Victoria Streets) Wellington City. The voucher is also redeemable at The Coffee Club in North City (Top level 
of North City Mall, Porirua) or Queensgate (Lower Level, Westfield Queensgate, Lower Hutt). 
 
All information that we collect from you is strictly confidential. The findings from this study will be published in 
the future, but no information will identify you personally. The data will never be given to any other group or 
used for any purpose other than research. This study has been approved by the University of Western 
Sydney Human Ethics Committee (approval number: H9162). 
 
If you choose to participate: 
1. Please read the attached information sheet and sign the consent form 
2. Fill out the survey.  
3. Please put the completed survey and consent form in the return envelope and put in it the nearest 
post-box. Postage is already paid, so there is no cost to you. You can also drop the survey off at The 
Coffee Club (Chews Lane branch only) when you pick up your coffee. 
 
If you have any questions, please do not hesitate to contact Steve Lamb, Dr. Darren Walton or Professor 
Kenny Kwok. 
 
Thank you for taking to time to consider participating in the research. 
 
Kind regards,  
Steve Lamb (PhD candidate) 
 
Contact Details: 
Steve Lamb  
(PhD Candidate) 
New Zealand 
University of Western Sydney 
email: 
17097433@student.uws.edu.au 
cell ph.: 027 421 9061 
Dr. Darren Walton  
(Supervisor) 
New Zealand 
HSC, University of Canterbury 
email: darren@hsc.org.nz 
ph: (04) 472 5777 
Professor Kenny Kwok  
(Primary Supervisor) 
Australia 
University of Western Sydney 
email: k.kwok@uws.edu.au 
ph. 0061 2 4736 0444 
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A-2 Ground-level survey - Participant information sheet 
Human Research Ethics Committee 
Office of Research Services 
 
University of Western Sydney 
via New Zealand Postal Address 
PO Box 2142 
Wellington 
 
 
Participant Information Sheet 
Project Title: The Workplace Environment and Motion Sickness Survey  
 
You are invited to participate in a study conducted by Steve Lamb (PhD Candidate) Prof. 
Kenny Kwok (Primary Supervisor) and Dr. Darren Walton (Supervisor) through the School 
of Engineering at the University of Western Sydney. The study is part of an international 
collaboration between New Zealand, Australia and Hong Kong and is funded by the 
Australian Research Council Discovery Projects funding scheme.  
 
What is the study about? This study primarily examines how different environmental factors 
affect how you feel at work as well as your productivity. Strong winds can cause some buildings to 
vibrate, which occupants sometimes can perceive as a gentle rocking motion. Building motion can 
sometimes make building occupants feel motion sick. This survey asks you questions about your 
experience with building motion and also some questions about whether you often experience 
motion sickness in your everyday life.   
Who can take part in the study? Anybody 18 or over can take part in the study. Even if you don’t 
work in a tall building, or have not experienced building motion, please consider taking part as we 
are also interested in why you may not want to work in a tall building. An important part of this 
research is understanding motion sickness more generally.  
 
What does the study involve? Participation in the study simply involves filling out the attached 
survey. You will be asked a series of questions about your experience working and /or living in tall 
buildings, motion sickness and some general questions about you. We will also ask you some 
questions about your job, the types of activities you perform and a few questions about your job 
satisfaction. For each item, you simply tick the box that corresponds with what you believe is the 
most appropriate answer. There are no ‘right’ or ‘wrong’ answers, we are interested in your 
experience and opinions. You can simply skip any questions that you feel uncomfortable 
answering.  
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How do I return the survey? Once you are finished, simply pop the survey into the return 
addressed envelope and place it the nearest Post Box. You don’t need to place a stamp on it, it is 
already paid for. We expect the survey to take about 10-15 minutes to complete.  
Will the study involve any discomfort for me? We do not anticipate that the study will cause 
you any type of discomfort whether it would be physical, spiritual, religiously etc. As advised, there 
are no ‘right’ or ‘wrong’ answers, we are interested in your experience and opinions. You can 
simply skip any questions that you feel uncomfortable answering. 
Will anyone else know the results and how will the results be disseminated? All aspects of 
the study, including results, will be confidential and only the researchers will have access to 
information on participants. Findings from this study will be published, but that information will in 
no way identify you as a participant. Data collected in this research will be retained for 5 years 
after publication of the results and then destroyed.  
Can I withdraw from the study? Participation is entirely voluntary: you are not obliged to be 
involved and if you do decide to participate you can withdraw at any time, simply do not return the 
completed survey.  
What if I require further information? Please contact any of the investigators listed below if you 
have any questions. Contact details are below:  
Steve Lamb  
(PhD Candidate) 
New Zealand 
University of Western Sydney 
email: 
17097433@student.uws.edu.au 
cell ph.: (64 2) 7421 9061 
Darren Walton  
(Supervisor) 
New Zealand 
HSC, University of 
Canterbury 
email: darren@hsc.org.nz 
ph: (64 4) 472 5777 
Professor Kenny Kwok  
(Primary Supervisor) 
Australia 
University of Western Sydney 
email: k.kwok@uws.edu.au 
ph. (61 2) 473 60444 
 
 
What if I have a complaint? This study has been approved by the University of Western Sydney 
Human Research Ethics Committee. The Approval number is H9162. 
If you have any complaints or reservations about the ethical conduct of this research, you 
may contact the Ethics Committee through the Office of Research Services on Tel 
0061-2-4736 0883 Fax 0061-2-4736 0013 or email humanethics@uws.edu.au. 
Any issues you raise will be treated in confidence and investigated fully, and you will be 
informed of the outcome. 
If you agree to participate in this study, please sign the Participant Consent Form. 
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A-3 Ground-level survey - Consent form 
Human Research Ethics Committee 
Office of Research Services 
 
University of Western Sydney 
via New Zealand Postal Address 
PO Box 2142 
Wellington 
 
Participant Consent Form 
 
Project Title: The Workplace Environment and Motion Sickness Survey 
 
I,BBBBBBBBBB, consent to participate in the research project titled “The Workplace 
Environment and Motion Sickness Survey”. 
 
I acknowledge that: 
• I have read the participant information sheet and have been given the opportunity to 
request additional information from the researchers. 
• The procedures required for the project and the time involved have been explained to me. 
• I consent to completing the attached survey.  
• I understand that my involvement is confidential and that the information gained during 
the study may be published but no information about me will be used in any way that 
reveals my identity. 
• I understand that I can withdraw from the study at any time, without affecting my 
relationship with the researcher/s now or in the future. 
 
 
Signed:  
Name:  
Date:  
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A-4 Longitudinal study - Information brochure 
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A-5 Longitudinal study - Participant information sheet 
Human Research Ethics Committee 
Office of Research Services 
 
 
University of Western Sydney 
via New Zealand Postal Address 
PO Box 2142 
Wellington 
 
 
Participant Information Sheet 
Project Title: Longitudinal Work Environment Survey 
 
You are invited to participate in a study conducted by Steve Lamb (PhD Candidate), 
Professor Kenny Kwok (Primary Supervisor) and Dr. Darren Walton (Supervisor) through 
the Institute of Infrastructure Engineering (IIE) at the University of Western Sydney. The 
study is part of an international collaborative research project amongst researchers from 
New Zealand, Australia and Hong Kong and is funded by the Australian Research Council 
Discovery Projects funding scheme.  
What is the study about? This study examines how the work environment affects individuals’ 
wellbeing and productivity over a period of 6 to 8 months.   
Who can take part in the study? Anybody 18 years or over and who works in Wellington City 
can participate.  
What does the study involve? Approximately every 10 days you will be sent an email that 
contains a link to the survey website. You will be sent the email sometime between 9am and 5pm, 
during work hours. You can complete the survey during a work break or the most convenient time 
for you during that day, though it is preferable to complete the survey near to the time the email 
was received if at all possible. The 5-minute survey will simply ask you questions about how you 
are feeling, your workload, judgements of productivity, and questions about your work breaks. 
There will also be an interactive task that measures your accuracy / reaction times.  
You will be given a small box (15x8cm) that contains an accelerometer which will measure all 
sources of vibration from traffic, footsteps, building motion, and earthquakes. You simply need to 
plug the box into an electrical socket and place it close to your work station, preferably on a 
window ledge, or somewhere where the box will not be knocked about or disturbed very often. The 
accelerometer is very simple to use. Before the study begins, I will deliver an accelerometer to you 
at a convenient location and show you how to set it up. After the first week / fortnight, you will be 
sent a new accelerometer and you send back the old one so that we can check that all the 
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equipment is functioning properly. We will cover all costs of postage. After that, accelerometers 
will be replaced approximately every 6-8 weeks so that we can back-up the data.  
We will give you an information sheet about the study that you should give to your supervisor / 
manager at work, so that they are aware of your participation in the study. If they have any 
questions or concerns about your participation the study, they can contact myself or my 
supervisors. All information you provide us with is entirely confidential and will never be given to 
your organisation.  
The study will last for 6-8 months, and we expect that you will complete around 25-30 surveys 
over the course of the study. At the conclusion we will send you an exit survey that will simply ask 
you a few questions about your experience participating in the study.  
What do I get for taking part? By participating in this study you will be contributing to research 
that is the first of its type in the world. This research will increase our understanding of how 
low-dose building motion and other environmental variables affect occupant well-being and work 
performance which will help architects and engineers to design better buildings in the future. To 
compensate you for your time, and thank you for your help, we offer you a one-off payment of 
$200 at the conclusion of the study. You may choose to withdraw your participation at any time, 
and you will be paid a proportion of the $200 corresponding to the length of time you participated. 
You are of course able to participate in the study and decline payment, or you can choose for the 
payment to be made to a charity of your choice.  
What if I do not feel comfortable answering some questions? You can simply skip any 
questions that you feel uncomfortable answering.  
Will anyone else know the results and how will the results be disseminated? All aspects of 
the study, including results, will be confidential and only the researchers will have access to the 
data gathered. Findings from this study will be published in academic journals and presented at 
conferences, but that information will in no way identify you as a participant. No information will 
identify you, your organisation or the building you work in. A summary of results may be given to 
interested parties, e.g. organisations that occupy tall buildings, building owners etc. Data collected 
in this research will be retained for 5 years after publication of the results and then destroyed.  
Can I withdraw from the study? Participation is entirely voluntary: you are not obliged to be 
involved and if you do decide to participate you can withdraw at any time. We only ask that you 
notify us if you do not wish to continue, and that you return the accelerometer. We will provide an 
envelope for the accelerometer to be returned in.   
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What if I require further information? When you have read this information, Kenny Kwok, 
Darren Walton and Steve Lamb are available to discuss it with you further and answer any 
questions you may have. Contact details are below:  
Steve Lamb  
(PhD Candidate) 
New Zealand 
University of Western Sydney 
email: 
17097433@student.uws.edu.au 
cell ph.: 027 421 9061 
Darren Walton  
(Supervisor) 
New Zealand 
HSC, University of 
Canterbury 
email: darren@hsc.org.nz 
ph: (04) 472 5777 
Professor Kenny Kwok  
(Primary Supervisor) 
Australia 
University of Western Sydney 
email: k.kwok@uws.edu.au 
ph. 0061 2 4736 0444 
 
What if I have a complaint? This study has been approved by the University of Western Sydney 
Human Research Ethics Committee. The Approval number is H9162. 
If you have any complaints or reservations about the ethical conduct of this research, you 
may contact the Human Research Ethics Committee through the Office of Research 
Services on Tel 0061-2-4736 0883 Fax 0061-2-4736 0013 or email 
humanethics@uws.edu.au. 
Any issues you raise will be treated in confidence and investigated fully, and you will be 
informed of the outcome.  
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A-6 Longitudinal Study - Consent form 
Human Research Ethics Committee 
Office of Research Services 
 
 
University of Western Sydney 
via New Zealand Postal Address 
PO Box 2142 
Wellington 
 
 
Participant Consent Form 
 
Project Title: Longitudinal Work Environment Survey 
 
I,BBBBBBBBBB, consent to participate in the research project titled: “Longitudinal Work 
Environment Survey”. 
 
I acknowledge that: 
 
I have read the participant information sheet and have been given the opportunity to request 
additional information from the researchers. 
 
The procedures required for the project and the time involved have been explained to me. 
 
I consent to completing an online survey on average every 10 days for a period of 6-8 months and 
to being given a small accelerometer to place on or near my desk at my office. I also consent to 
completing a final exist survey at the end of the 6-8 month period.   
 
I understand that my involvement is confidential and that the information gained during the study 
may be published but no information about me will be used in any way that reveals my identity, or 
the organisation that I work for. 
 
I understand that I can withdraw from the study at any time, without affecting my relationship with 
the researcher/s now or in the future. 
 
 
Signed: ______________________________ 
Name: ______________________________ 
Date: ______________________________ 
Return Address: ______________________________ 
 ______________________________ 
 ______________________________ 
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Appendix B: Ground-level survey 
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Appendix C: Longitudinal CAPI Survey 
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Appendix D: Accelerometer calibrations 
 
D-1 Calibration method 
All accelerometers were calibrated using a static calibration from 0 to 10 mG, moving in 1 
mG increments against a reference Honeywell QA650.  
Procedure: 
1. Accelerometers were set at 12-bit resolution with a 20Hz sample rate 
2. Accelerometers were placed on the motion simulator 
3. Accelerations were measured for 60 seconds at the lowest reference acceleration 
4. The procedure was repeated up to 10 mG 
5. Accelerations recorded on the GCDC accelerometers were compared with the 
reference Honeywell  
Accelerometer calibrations are shown below.  
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D-2 Unit 1 
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D-3 Unit 2 
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D-4 Unit 3 
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D-5 Unit 4 
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D-6 Unit 6 
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Appendix E: Measured and predicted building accelerations 
The original methodology for Study 3 intended to collect acceleration data from all 
participants working in wind-sensitive buildings. Despite the investigators' best efforts to 
assure building owners of the anonymity of their buildings, some building owners would 
not allow accelerometers to be installed in their buildings. Many other investigators have 
acknowledged the difficulty of obtaining full-scale measurements from commercial 
buildings (e.g. Isyumov, 1993; Kijewski-Correa & Pirna, 2009; Denoon & Kwok, 2011). 
However, owners / organisations did allow the collection of acceleration data on a trial 
basis over a short period time in 6 buildings in Study 3.  
E-1 Measured accelerations in Study 3 
Small self-logging accelerometers (described in Chapter 7) measured accelerations in 
each of the 6 test building for a period of 3-4 weeks. Appendix D presents the 
accelerometer calibrations. A low-pass second order Butterworth filter, with a 5 Hz 
cut-off, processed all raw acceleration data to remove erroneous high frequency peaks. 
A data manipulation program divided acceleration data into 10-minute blocks. For each 
block, the mean and standard deviation of the counts was calculated and converted into 
mG. 10-minute periods with the highest standard deviations identified the periods likely to 
contain the largest peak accelerations. Table E1 shows the largest peak accelerations 
recorded and the highest gust speeds recorded at Wellington airport (at reference height 
of 10m) during the period of instrumentation.  
Table E1. Peak building accelerations measured in Study 3  
Building 
Natural 
frequency 
(Hz) 
Highest maximum 
gust during the 
period of 
instrumentation 
(m/s) 
Corresponding 
maximum 
observed peak 
acceleration 
(mG) 
Building A 1.2 23.9 1.5 
Building B 0.5 38.3 5.8 
Building C 0.9 28.4 2.2 
Building D 1.2 28.4 1.8 
Building E 1.5 23.9 1.0 
Building F 1.0 38.3 6.7 
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Figure E1 shows two examples of large acceleration traces, from which the natural 
frequency and the peak acceleration can be determined. 
 
 
Figure E1. Two example of large traces from Building B (above) showing a peak acceleration of 
5.3 mG and Building F (below) showing a peak acceleration of 6.7 mG 
Figure E2 shows these largest peak accelerations plotted with the natural frequency of 
the building against the AIJ (2004) curves for the perception of motion. Each AIJ (2004) 
curve predicts the proportion of occupants that will likely be able to perceive motion at a 
given acceleration. For example, at the H-50 curve, 50% of occupants are likely to 
perceive motion. Based on the measured building accelerations, over 90% of occupants 
would likely perceive accelerations in 2 buildings, approximately 20 to 40% would likely 
feel motion in 3 of the buildings, and about 10% would feel motion in the remaining 
building. Even during the relatively short period of instrumentation, Figure E2 clearly 
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shows that the recorded peak accelerations would have been clearly perceptible to a 
large number of occupants. The accelerometers were placed on each participant's work 
floor, which was in the top third of the building, but not necessarily on the top floor, hence 
the reported accelerations may underestimate the accelerations occurring on the highest 
floors. The instrumentation floor, and building height, for each building cannot be 
disclosed as they would likely reveal the identity of buildings and organisations in the 
study.  
 
Figure E2.The largest peak accelerations measured in Study 3 against the AIJ (2004) curves for 
the perception of motion 
E-2 Estimated accelerations 
Carpenter, Cenek and Flay (2013) proposed a formula to estimate building accelerations 
from wind speeds taking into account the natural frequency, density and floor plan area of 
a building. Due to the building owners' restrictions on instrumentation in Study 3, and the 
practical limitations of long-term measurement in a large number of buildings, the use of 
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such an equation provides both support for the accelerations measured in Study 3, and 
estimates of building accelerations for the duration of the survey.  
Carpenter, Cenek and Flay (2013) instrumented 5 buildings to determine the relationship 
between wind speeds and building accelerations. The investigators measured four 
buildings in Wellington and one in Auckland, New Zealand. The investigators selected 
representative buildings in terms of building shape and size and did not have a reputation 
for wind-sensitivity. The predictions are ideally suited to Wellington, as the majority of the 
measured buildings were in Wellington. Carpenter, Cenek and Flay (2013) proposed the 
following formula to estimate the relationship between wind speed and acceleration: 
 =
.	
,1−

 (E1) 
Where:	
a	=	peak	resultant	acceleration	(m/s2)	
V	=	Maximum	hourly	gust	speed	(m/s)	 	 	
f	=	fundamental	frequency	(Hz)	 	
m0	=	ρbA	 	
ρb	=	building	density	(kg/m3)	 	
A	=	building	plan	area	(m2)	
Carpenter, Cenek and Flay (2013) reported that the predicted accelerations showed 
good agreement with actual accelerations (R2 = 0.85).  
E-3 Predicted accelerations 
Table E2 shows the estimated building accelerations for the 11 buildings in Study 3 with 
the greatest number of participants and the characteristics of buildings used in the 
prediction equation. A 1-year return period maximum gust wind speed of 40 m/s (at 10 m 
height terrain category 2) is shown to demonstrate the likely maximum yearly 
accelerations. Building densities were estimated using comparable building densities in 
Wellington buildings, reported in Cenek and Wood (1990). Wellington design codes 
stipulate that buildings must be flexible to withstand large earthquakes, thus Wellington 
buildings are more flexible than in other cities, reflected by their lower average densities. 
Measured accelerations from six of the buildings provided the natural frequencies. In 
other cases, natural frequencies were estimated using: 46 / height (m).  
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Table E2. Predicted building accelerations for 1-year return period wind speed  
Building 
Building 
material 
Natural 
frequency 
(Hz) 
Building 
density 
(kg/m3) 
Area per 
floor  
(m2)  
1-year 
return 
period gust 
speed 
(m/s2) 
Predicted 
peak 
acceleration 
(mG) 
A 
Reinforced 
concrete 
1.2 * 232 700 40 3.92 
B 
Reinforced 
concrete 
0.5 * 257 1000 40 6.37 
C 
Reinforced 
concrete 
0.9 * 232 1500 40 2.51 
D 
Reinforced 
concrete 
1.2 * 232 500 40 5.53 
E 
Reinforced 
concrete 
1.5 * 232 1200 40 1.68 
F 
Reinforced 
concrete 
1.0 * 232 500 40 5.8 
G Steel 0.5 ** 164 1200 40 8.22 
H 
Reinforced 
concrete 
1.3 ** 232 600 40 3.82 
I 
Reinforced 
concrete 
0.9 ** 232 500 40 7.63 
J 
Reinforced 
concrete 
0.9 ** 232 800 40 4.38 
K 
Reinforced 
concrete 
0.6 ** 232 1000 40 4.89 
Note: Some figures are rounded or altered to preserve the anonymity of the study buildings. 
* Measured natural frequencies 
** Predicted natural frequencies using 46/H 
E-4 Actual vs. predicted accelerations 
Table E3 compares predicted building accelerations, using Carpenter, Cenek and Flay's 
(2013) equation, with the actual recorded peak accelerations from Study 3. Each 
observed peak acceleration is compared with the maximum hourly gust speed recorded 
at Wellington Airport (adjusted in accordance with AS/NZS 1170.2 for height and terrain 
to the reference height at 10m) during the 3-4 week period of instrumentation for that 
particular building. Predictions were then made based on the maximum gust speed that 
occurred during the period of instrumentation.  
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Table E3. Predicted building accelerations compared with actual building accelerations 
 Measure accelerations (Study 3) Predicted 
acceleration  
(Carpenter, Cenek, 
Flay, 2013) 
Building Highest maximum gust 
during the period of 
instrumentation 
(m/s) 
Corresponding 
maximum observed 
peak acceleration 
(mG) 
Predicted peak 
predicted 
acceleration 
(mG) 
Building A 23.9 1.5 0.7 
Building B 38.3 5.8 5.3 
Building C 28.4 2.2 0.8 
Building D 28.4 1.8 1.7 
Building E 23.9 1.0 0.3 
Building F 38.3 6.7 4.4 
 
As shown in Figure E3, predicted accelerations showed reasonable agreement with the 
prediction equation. However, in all but one building, the formula underestimated the 
actual measured peak accelerations. The prediction equation underestimated actual 
building accelerations by a mean of 31%. Therefore, an adjustment factor of 1.31 is 
applied to subsequent analyses to account for the underestimation. The adjustment 
factor is consistent with Carpenter, Cenek and Flay's (2013) selection of 
"representative", as opposed to wind-sensitive buildings, who note that the equation is 
likely to underestimate the response of wind-sensitive buildings. Buildings in Study 3 
were chosen because of their wind sensitivity, therefore requiring an adjustment factor to 
more accurately reflect the wind-idnced acceleration level expected of wind-sensitive 
building.  
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Figure E3. Maximum predicted building accelerations and actual building accelerations in Study 3 
compared with predicted and actual accelerations reported in Carpenter, Cenek and Flay (2013)  
E-5 AIJ comparison  
The adjusted acceleration prediction equation was used to estimate building 
accelerations across the entire period of data collection in Study 3. The maximum 
predicted acceleration for each building was noted on days where participants reported 
'definite' building motion. Figure E4 shows these peak accelerations plotted against the 
natural frequency of each building, compared with the AIJ (2004) curves for motion 
perception. Each curve predicts the proportion of occupants that will be able to perceive 
motion at a given acceleration. For example, at the H-50 curve, 50% of occupants are 
likely to perceive motion.  
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Figure E4 shows that 9 of the 11 predicted peak accelerations are clearly in the range 
perceptible to building occupants. Peak accelerations in 2 buildings are estimated to be 
of a magnitude that half of the occupants in the building are likely to perceive. 5 are at 
accelerations where approximately 30% of occupants are likely to feel motion. In 3 cases, 
predicted peak accelerations are likely to be felt by less than 10% of occupants. 
Estimated accelerations for the majority of study buildings were around or slightly below 
the H-30 curve, where 30% are expect to report perceptible motion, which is in close 
agreement with proportion of occupants, 23.1%, who reported 'definite' perceptible 
motion, on average, across all 'high' wind days. 
 
Figure E4. Predicted peak accelerations in 11 study buildings compared to the AIJ (2004) curves 
estimating the proportion of occupants who will perceive frequency dependent peak accelerations  
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E-6 ISO 10137: 2007 comparison 
Figure E5 presents predicted accelerations for 11 study buildings at gust speed with a 
1-year return period against ISO 10137: 2007. Nine of the 11 buildings (82%) exceed the 
maximum residential limit. Four buildings fail the office limit, and 5 buildings approach the 
limit. Only 2 buildings are clearly within the acceleration limit. This analysis provides 
further evidence that the buildings that Study 3 participants occupy are wind sensitive, 
and likely to undergo significant accelerations well above average perceptible range.  
 
Figure E5. 1-year return period predicted accelerations for 11 buildings in Study 3 
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E-7 Summary  
In summary, the analyses presented in this appendix clearly show that the buildings in 
Study 3 undergo accelerations that are sufficiently large to be perceptible to building 
occupants. Further, the use of an acceleration estimation equation makes credible 
predictions about the likely magnitude of motion on a given day based on wind speeds.     
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Appendix F: Wellington wind probabilities of occurrence  
Table F-1 shows the probability occurrence categories of gust wind speeds in Wellington, 
New Zealand, over the previous 20 years. Since wind speeds following a diurnal pattern 
when wind speeds are, on average, higher during the day than the night, all wind speeds 
were restricted to the period between 8am to 6pm.  
Table F-1. The probability of occurrence categories of gust wind speeds in Wellington, New 
Zealand, over the previous 20 years  
Wind 
category 
Lower 
gust 
speed 
(m/s)  
Upper 
gust 
speed 
(m/s) 
N % 
Cumulative 
Percent 
Probability 
of 
occurrence 
(per year) 
Estimated 
days per 
year 
Low 0.0 0.0 54 0.7 0.7 0.0 2.7 
Low 0.0 0.8 2 0.0 0.8 0.0 0.1 
Low 0.8 1.7 118 1.6 2.4 0.0 5.9 
Low 1.7 2.5 278 3.8 6.2 0.0 13.9 
Low 2.5 3.4 329 4.5 10.7 0.0 16.5 
Low 3.4 4.2 341 4.7 15.4 0.0 17.1 
Low 4.2 5.0 301 4.1 19.5 0.0 15.1 
Low 5.0 5.9 46 0.6 20.1 0.0 2.3 
Low 5.9 6.7 271 3.7 23.8 0.0 13.6 
Low 6.7 7.5 265 3.6 27.5 0.0 13.3 
Low 7.5 8.4 300 4.1 31.6 0.0 15.0 
Medium 8.4 9.2 309 4.2 35.8 0.0 15.5 
Medium 9.2 10.1 330 4.5 40.3 0.0 16.5 
Medium 10.1 10.9 52 0.7 41.0 0.0 2.6 
Medium 10.9 11.7 326 4.5 45.5 0.0 16.3 
Medium 11.7 12.6 354 4.8 50.4 0.0 17.7 
Medium 12.6 13.4 342 4.7 55.0 0.0 17.1 
Medium 13.4 14.3 337 4.6 59.7 0.0 16.9 
Medium 14.3 15.1 335 4.6 64.2 0.0 16.8 
Medium 15.1 15.9 330 4.5 68.8 0.0 16.5 
Medium 15.9 16.8 48 0.7 69.4 0.0 2.4 
Medium 16.8 17.6 322 4.4 73.8 0.0 16.1 
High 17.6 18.4 263 3.6 77.4 0.0 13.2 
High 18.4 19.3 272 3.7 81.2 0.0 13.6 
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Wind 
category 
Lower 
gust 
speed 
(m/s)  
Upper 
gust 
speed 
(m/s) 
N % 
Cumulative 
Percent 
Probability 
of 
occurrence 
(per year) 
Estimated 
days per 
year 
High 19.3 20.1 254 3.5 84.6 0.0 12.7 
High 20.1 21.0 183 2.5 87.2 0.0 9.2 
High 21.0 21.8 157 2.2 89.3 0.0 7.9 
High 21.8 22.6 21 0.3 89.6 0.0 1.1 
High 22.6 23.5 145 2.0 91.6 0.0 7.3 
High 23.5 24.3 140 1.9 93.5 0.0 7.0 
High 24.3 25.2 105 1.4 94.9 0.0 5.3 
High 25.2 26.8 143 2.0 96.9 0.0 7.2 
High 26.8 28.5 60 0.8 97.7 0.0 3.0 
High 28.5 30.2 68 0.9 98.6 0.0 3.4 
High 30.2 31.9 41 0.6 99.2 0.0 2.1 
High 31.9 33.5 19 0.3 99.5 0.0 1.0 
High 33.5 35.2 16 0.2 99.7 0.0 0.8 
High 35.2 36.9 13 0.2 99.9 0.0 0.7 
High 37.0 + 
 
10 0.1 100.0 0.0 0.5 
 
Total 
 
7300 100.0 100.0 1.0 365 
Note: all wind speeds were restricted to the period between 8am to 6pm 
